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IHigh Temperature Corrosion in Gas Turbines:
Thermodynamic Modelling and Experimental Results
Summary
The introduction of new materials as well as the improvements in fuel quality have raised a
need for re-evaluation of the hot corrosion risk in industrial gas turbines. In this study, the risk
of hot corrosion was determined using thermodynamic modelling for different impurity-
contents and combustion parameters. Based on these results, the parameters for the corrosion
tests have been selected to investigate the response of the different materials under corrosive
conditions.
The corrosion risk arises if the surface temperature of a material is below the dew point of a
corrosive salt and condensation can take place. The dew point of different salts has been
calculated in the thermodynamic modelling, and the impurities S, Na, K and Cl were added in
typical amounts for low-impurity fuels. This study has taken into account the variation of
combustion parameters, such as excess air and injected water, as well as the C to H ratio of
the fuel, to simulate gas and oil firing. The main influencing parameter on the dew point of
the alkali-sulphates is the alkali-content in the hot gas. The amount of sulphur and chlorine as
well as the combustion parameters have only a small impact. Based on this approach, the
maximum surface area with a risk of corrosion on each component can be evaluated for the
hot gas path.
The corrosion behaviour of three base materials, IN738, CM247 and CMSX-4, and a
NiCrAlY-coating, SV20, were tested between 750 and 950°C. A salt-spraying test was used
with either Na2SO4 or Na2SO4/K2SO4 as a deposit in an atmosphere of air with 300ppm SO2.
Both salts gave the same corrosion morphology. The addition of K2SO4 has led to an
increased depth of attack and shorter incubation times. The carbides and heavy element
contents, especially tungsten and molybdenum, play an important role in the hot corrosion of
the investigated base materials. The carbides, in IN738 and CM247, were identified as
preferential sites for the initiation of hot corrosion. Furthermore, type I corrosion has been
observed for the base materials at temperatures as low as 750°C, and the mechanism proposed
is characterised by an initial basic dissolution of the oxide scale through Na2SO4, followed by
a change to a self-sustaining alloy-induced acidic fluxing due to the presence of W and Mo.
The present study has shown a new approach to assess the risk of hot corrosion in gas turbines
by  the combination of thermodynamical modelling and corrosion experiments.
II
Hochtemperaturkorrosion in Gasturbinen:
Thermodynamische Modellierung und experimentelle Ergebnisse
Zusammenfassung
Die Verwendung neuer Materialien und die verbesserte Brennstoffqualität in stationären
Gasturbinen erfordern eine neue Bewertung des Korrosionsrisikos. Durch thermodynamische
Modellierung wurde das Korrosionsrisiko für verschiedene Verunreinigungsgehalte und
Verbrennungsparameter bestimmt. Basierend auf diesen Ergebnissen, wurden die
Bedingungen für den Korrosionstest festgelegt, um die Korrosionsbeständigkeit einiger
Materialien experimentell zu bestimmen.
Ein Korrosionsrisiko besteht sobald die Oberflächentemperatur eines Werkstoffs unterhalb
des Taupunkts eines korrosiven Salzes liegt und Kondensation möglich ist. Die Taupunkte der
verschiedenen Salzes wurden mit Hilfe eines thermodynamischen Modells berechnet. S, Na,
K und Cl wurden dem Heißgas in typischen Mengen für gering verunreinigte Brennstoffe
zugegeben. Verbrennungsparameter, wie Luftüberschuss, eingespritztes Wasser und C:H-
Verhältnis des Brennstoffs, wurden ebenfalls variiert. Der Alkaligehalt im Heißgas zeigte sich
als wichtigster Parameter, wohingegen S- und Cl-Gehalte, wie auch die Verbrennungs-
parameter nur einen geringen Einfluss auf den Taupunkt der Alkalisulfate hatten. Über die
Taupunktberechnung können die Bereiche an jeder Komponente in der Turbine und der
Brennkammer, die mit einem Korrosionsrisiko behaftet sind, bestimmt werden.
Drei Grundmaterialien, IN738, CM247 und CMSX-4, und eine NiCrAlY-Beschichtung,
SV20, wurden auf ihre Korrosionsbeständigkeit mittels eines Salzsprühtests geprüft. Proben
mit Na2SO4 und Na2SO4/K2SO4 als korrosive Ablagerung wurden in trockener Luft mit
300ppm SO2 zwischen 750 und 950°C ausgelagert. Beide Salze hatten gleiche Korrosions-
morphologie zur Folge. Die Zugabe von K2SO4 führte zu einem tieferen Angriff und zu einer
Verkürzung der Inkubationszeit. Die Karbide und der Gehalt an Schwermetallen spielten eine
besondere Rolle im Korrosionsverhalten der hier untersuchten Grundmaterialien. Die Karbide
in IN738 und CM247 wirkten als bevorzugte Stellen, um die Korrosion zu initiieren. Für die
Grundmaterialien wurde ein Korrosionsmechanismus für Typ I zwischen 750 und 950°C
vorgestellt, wobei der anfängliche basische Aufschluss der Oxidschicht durch Na2SO4 in
einen legierungsinduzierten sauren Aufschluss durch W und Mo übergeht.
Die vorliegende Arbeit stellt eine neue Vorgehensweise zur Beurteilung des Korrosionsriskos
in Gasturbinen vor, die die Kombination von thermodynamischer Modellierung mit
Korrosionstests beinhaltet.
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11. Introduction and problem definition
1.1 Introduction
Stationary gas turbines for power generation are built in three main components: compressor,
combustion chamber and turbine. Figure 1.1 exhibits a schematic drawing of a gas turbine.
The incoming air is compressed up to 30bar. Then the fuel is injected and the combustion
takes place. Following the combustion chamber, the hot gas or flue gas at temperatures up to
1350°C is led into the turbine, where the gas expands and cools down. Finally, the hot gas
leaves the gas turbine via the exhaust at temperatures up to 640°C [1]. Beside the fuel and the
intake air, water or steam can be injected in the compressor [2-4] or in the combustion
chamber [5-6], often for power augmentation purposes.
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Air
Water
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ater
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Figure 1.1: Schematic drawing of a stationary gas turbine
The high demand for energy has led to a development of stationary gas turbines for power
generation with higher efficiencies. The net electrical efficiency of these gas turbines can be
up to 39% in simple cycle and up to 57.5% in combined cycle [7]. The recent rise in
efficiency is mainly achieved by the increased turbine inlet temperature of up to 1350°C. This
change was possible through the introduction of new materials and cooling concepts. The
blading material for the first stages was replaced by directionally solidified (DS) and single
crystal (SX) materials which offer a higher temperature capability compared to conventionally
2cast (CC) material [8]. Also, in the field of protective coatings significant improvements were
achieved. Oxidation- and corrosion resistant metallic coatings of MCrAlY- or PtAl-type are
commonly used [9]. Increasingly, thermal barrier coatings, mainly yttria-stabilised ZrO2, are
applied on components with the highest thermal loading.
Materials in land-based gas turbines suffer from different degradation mechanisms, such as
creep, thermo-mechanical fatigue, oxidation and corrosion. The mechanical loading can be
well predicted and tested. However, the environmental degradation, e.g. oxidation and
corrosion, is dependent on the impurity-content of the hot gas, which is in contact with the
turbine materials.
31.2 Problem definition
For environmental reasons, the emission limit for SOx, NOx and heavy metals of power
generation plants was restricted in Europe, USA and Canada. It follows that low-grade fuels,
such as heavy oil and crude oil with their high sulphur and heavy metal (V, Ni, Pb, Zn)
contents can no longer be used in these countries. The recent, highly-efficient gas turbines use
mainly natural gas and clean diesel [1]. The corrosion models and corresponding test
methods, that were developed for blast furnace gas or heavy oil are not applicable for these
low-impurity fuels.
Hot corrosion of state of the art industrial gas turbines will be dealt by a thermodynamic and
experimental approach (Figure 1.2). The current study focuses on a determination of the
corrosion risk in gas turbines, which use low-impurity fuels, and evaluation of the corrosion
resistance of newly introduced materials, as DS- and SX-superalloys.
Thermodynamic
approach:
thermodynamic modelling of
dew points
identification of areas in the
gas turbine with corrosion risk
Experimental
approach:
corrosion testing via salt-
spraying test
corrosion mechanisms for base
materials and coatings
Evaluation of  hot corrosion
in gas turbines
Figure 1.2: Approach of the current study for the evaluation of hot corrosion in
gas turbines
4The corrosion risk is assessed by thermodynamic modelling of the dew points of the main
corrosive species.
The response of the materials on the corrosive environment is investigated between 750 and
950°C. The tested alloys were chosen from four representative classes of gas turbine
materials: IN738, conventionally cast alloy (CC), DS CM247 LC, directionally solidified
alloy (DS), CMSX-4, single crystal alloy (SX), and SV20, a MCrAlY- protective coating.
52. Literature Review
2.1 Environmental conditions and materials in gas turbines
2.1.1 Hot gas
The composition of hot gas or flue gas, which enters the turbine, is the key factor for
environmental degradation of the gas turbine materials. The hot gas comprises the intake air,
the burned fuel and injected water or steam. The impurities of these different sources are
combined to give an overall impurity-content in the flue gas. In the following, the
composition and impurities of the input fluxes in the gas turbines are discussed.
2.1.1.1 Air
Any gas turbine is sensitive to air quality due to the enormous amount of consumed air, e.g.
685kg/s for the GE 9391G [4]. The quality of the air is very dependent on the site, at which
the power plant is erected, e.g. industrial site, coastline, desert region [10]. The incoming air
is cleaned by different filter devices before the compressor inlet. Nevertheless, impurities out
of the air can adhere to the compressor blading and lead to fouling of the compressor.
Regularly cleaning is necessary to regain the compressor efficiency. Offline and online
washing are two common methods. Offline washing consists of injecting a cleaning solution
while the compressor turns slowly. Special valves are opened to drain the washing solution in
front of the turbine inlet. Online washing follows the same principle but is carried out during
turbine operation. The online washing will carry over the impurities from the compressor to
the turbine. Typical impurities in the air are SOx, Pb and Zn in industrial regions, Na and Cl in
marine environment, K in rural areas, and Si, Ca, in regions with high dust loading.
2.1.1.2 Fuel
The two main types of fuels used in gas turbines are gaseous and liquid fuels [11]. Natural gas
is the most commonly used of the gaseous fuels. It is composed mainly of CH4 and low
amounts of other hydrocarbons. The liquid fuels can be subdivided in two main classes: true
distillate fuels and ash-forming fuels. True distillate fuels are refined and are free of ash-
forming components. They can normally be used directly or with minor cleaning. True
distillate known by their common designations as kerosene, naphta or diesel include ASTM 0-
GT, 1-GT, 2-GT gas turbine fuels and Heizöl EL. In general, these fuels have a certain
6content of impurities, Na+K up to 1ppm and S up to 1wt% [11]. State of the art gas turbines
mainly use natural gas and true distillate fuels to reach the required emissions in SOx, and use
gaseous and liquid fuel in every ratio from gas only to oil only engines.
Ash-forming fuels require heating, fuel treatment (cleaning and/or additives) and periodic
cleaning of the turbine. They include ASTM 3-GT and 4-GT gas turbine fuels. Common
designations for these fuels are crude oil, residual oil, heavy oil, Bunker C. They contain
beside high amounts of Na+K up to 100ppm, and S up to 4wt.%, often V up to 100ppm. They
are generally cleaned on-site with a fuel oil treatment to minimise the alkali-metal
contamination. If V-containing fuels are burned, Mg-based additives are used to combat V-
induced hot corrosion [12, 13]. The additives, together with the ash-forming constituents in
the fuel lead to massive fouling of the turbine, which results in a loss of power output up to
10% or more. Regular turbine washing is performed typically once a week to regain the
power.
2.1.1.3 Water / Steam
The injected water and steam need to be controlled in their impurity content. The injected
steam is generally provided by the steam cycle in a combined-cycle plant. Hence, the same
impurity-limits than for boiler feedwater can be used [5]. The injected water must also be
clean to prevent deposits or corrosion. The quality requirements can be satisfied by
demineralised water [5].
2.1.1.4 Impurity range for the hot gas
Hot corrosion in the turbine section of gas turbines is dependent on the total amount of
impurities in the hot gas. All sources for contamination must be considered: air, water/ steam
and the fuel. To convert the non-fuel contaminants to equivalent contaminants in the fuel, the
relationship (2.1) can be used [11, 14].
In general, the S-content is limited indirectly by the SOx-emission laws of each country. The
alkali-metal, Na and K, as well as other contaminants such as Ca, Pb, Zn, dust, are limited by
the turbine manufacturers. Typical values are mentioned in Table 2.1.
7FSAT XXF
SX
F
AX  (2.1)
Where:
XT = total contamination in fuel equivalent (ppm) by weight
A/F = air to fuel mass flow ratio
S/F = steam (water) to fuel mass flow ratio
XA = contaminant concentration in inlet air (ppm) by weight
XS = contaminant concentration in injected steam or water (ppm) by weight
XF = contaminant concentration in fuel (ppm) by weight
Maximum contamination in fuel equivalent ppm by weight
Sodium (Na) + Potassium (K) 1.0
Calcium (Ca) 2.0
Lead (Pb) 1.0
Vanadium (V) 0.5
Table 2.1: Typical values for the maximum contamination for the hot gas path in
gas turbines. All values are given in fuel equivalent by weight in ppm [5]
2.1.2 Materials used for gas turbine blading
The gas turbine blading is made mainly using Ni-based superalloys, with some Co-basis
alloys also. In the older engines, only conventionally cast (CC) alloys, such as IN738 are used
[6, 15]. In the most recent gas turbines, the first stages are manufactured out of directionally
solidified material (DS), such as DS-CM247, or single crystal material (SX), such as
CMSX-4 [8]. The superalloys were chosen as base materials for their favourable mechanical
properties.
The base metals are often protected from environmental attack by metallic coatings. The
coatings are sacrificial because they are attacked instead of the base metal. Their chemical
composition is optimised for high oxidation and corrosion resistance. The two main classes
are diffusion coatings and overlay coatings [8, 9, 16]. The diffusion coatings are often on
aluminide basis, such as platinum aluminides and nickel aluminides. They can be applied by
chemical vapour deposition (CVD), a pack cementation process or a slurry process. The
coating thickness is in the range of 20-100µm.
8Overlay coatings consist of a layer of an alloy, which is applied on the base metal. Their
chemical composition can be varied in a wide range to give an optimum protection. Most of
these coatings are MCrAlY's, with M=Ni and/ or Co. They are nickel- and /or cobalt-based,
with high amounts of chromium and aluminium, and minor amounts of reactive elements,
such as yttrium. Other elements, as Si, Hf, Ta, Re, can also be added. The application process,
often thermal spraying is chosen, e.g. vacuum plasma spraying (VPS), atmospheric plasma
spraying (APS) or high velocity oxygen fuel (HVOF). These coatings are manufactured in a
thickness of 150-500µm.
Beside the metallic coatings, ceramic coatings are used on first stage blading [9]. The ceramic
coatings act as thermal barrier coatings (TBC), due to their low thermal conductivity. Widely
used is zirconia partially stabilised with yttria. Atmospheric plasma spraying (APS) and
electron-beam physical vapour deposition (EB-PVD) are the main application processes. The
coating thickness can vary between 100µm for aero-engine blades to 1500µm for combustor
pieces.
The choice of the base metal and the suitable coating system depends on the requirements for
mechanical loading, temperature, environmental attack and also the operation concept, e.g.
cycle number. For rotating and stationary blading (blades and vanes) on each stage, the
optimum material combination must be chosen to guarantee the necessary lifetime and
reliability of the whole gas turbine.
92.2 High temperature corrosion in gas turbines
High temperature corrosion in gas turbines can be understood as the degradation of material
in reaction with the combustion gas. The degradation can be divided into two main classes:
the gas-induced corrosion and the deposit-induced or hot corrosion. The gas-induced
corrosion covers the reaction of the materials with the gaseous compounds from the flue gas
to form thermodynamically more stable products, e.g. oxidation, sulphidation, nitridation,
carburisation. The deposit-induced or hot corrosion requires a deposit, e.g. sulphates or
chlorides, which condenses on the material and causes fast reaction with the metal and
subsequent degradation. In the following, the different phenomena are characterised in more
detail.
2.2.1 Gas-induced corrosion
The gas-induced corrosion comprises mainly different mechanisms as oxidation, sulphidation,
nitridation, carburisation and chlorination. These mechanisms can appear separately or in
combination.
2.2.1.1 Oxidation
In gas turbines, combustion takes place in excess of air and so an oxidising atmosphere is
generally encountered. However, the atmosphere can also locally exhibit reducing character in
space and time.
The formation of an oxide MxOy on a metal M is possible, if the free enthalpy G0 is negative
for the following reaction:
yxOMy
OM
y
x 22 2  (2.2)
and the partial pressure of oxygen is higher than:





 

RT
GpO
0
exp
2 (2.3)
The standard free enthalpy of formation of oxides as a function of temperature and the
corresponding dissociation pressures of the oxides are summarised in the form of the
Ellingham/ Richardson diagram (Figure 2.1). The oxides with the highest stability have the
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largest negative values for G0 and in Figure 2.1 the stability of the represented oxides
increases from Fe2O3 to Ce2O3. The formation pressures of oxides given in this diagram are
also for practical use, they determine, which alloy element will be oxidised in low partial
pressures of oxygen.
Figure 2.1: Ellingham/ Richardson diagram: standard free enthalpy of formation
of oxides is plotted versus temperature [17]
The oxidation of metals can follow different growth laws depending on the metal, time and
temperature. The first step of oxidation is the adsorption of oxygen on the metal surface with
a following reaction between oxygen and metal. This very early stage of oxidation is
discussed in further detail in [17, 18]. Oxidation of metals can be described with different
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growth laws depending on the controlling mechanism. The oxygen uptake m by the
specimen surface A during oxidation is expressed by:
ntk
A
m


(2.4)
k is a temperature- and material-dependent rate constant. If the oxidation is governed by the
transport of oxygen through the gas atmosphere to the oxide scale, then the exponent n is
equal to 1, which corresponds to linear time dependence. Oxidation can also be controlled by
solid-state diffusion through the oxide scale. In this case, the oxide growth follows a parabolic
law, with an exponent n=0.5 and the parabolic rate constant kp is often given in g2/cm-4s.
C. Wagner has summarised the theoretical background and the necessary assumptions in the
early 1930s [19], based on lattice diffusion. Wagner's high temperature oxidation theory was
reviewed and discussed by many authors [17, 18, 20-23]. For exponents n <0.5, the oxidation
growth is called sub-parabolic. This growth law is encountered for some FeCrAl-alloys,
where the details of the mechanism are described in [24, 25].
The oxidation of alloys is more complex than the oxidation of pure metals. In the following,
the focus will be on Ni-Cr-Al-alloys, which represent one major class of high temperature
alloys. When Ni-Cr-Al-alloys are exposed to an oxidising atmosphere, in a first step all oxides
are formed, which are thermodynamically stable, e.g. NiO, Cr2O3, Al2O3. Depending on the
composition, hence the activity of Cr and Al, different types of oxide scales can be formed.
This behaviour is summarised in so-called 'oxide maps' (Figure 2.2) [20-22]. This map can be
divided in three regions:
I low Cr-and Al-levels: continuous layer of NiO with internal oxidation of Cr and Al 
II High Cr- and low Al-levels: continuous layer of Cr2O3 with internal oxidation of Al
III High Cr- and Al-levels: continuous layer of Al2O3 will be formed
The oxide growth rate assuming a parabolic law is lower for alumina-formers compared to
chromia-formers (Figure 2.3). Alloys, which belong to the class of chromia-formers, will be
used at temperatures not higher than 900°C, since chromia can form volatile species above
900°C [26, 27]. Alumina-formers can be used also at temperatures above 900°C. In general,
single crystal alloys and protective coatings are alumina-formers.
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Figure 2.2: Oxide map for Ni-Cr-Al-ternary alloys: compositional effect on the
oxidation behaviour [20-22]
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Figure 2.3: Parabolic rate constants for chromia- and alumina-formers in an
Arrhenius-plot [17]
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2.2.1.2 Corrosion by complex gas atmospheres – oxidation & sulphidation
Beside oxidation, the sulphidation of metals and alloys is a common phenomenon in
combustion gases. A reaction of pure sulphur gases is not considered here. In general,
combustion gases are oxidising atmosphere but can have significant amounts of SO2/SO3. In
SO2-containing air, the sulphur partial pressure is given by the equilibrium:
222 2
1 SOSO  (2.5)
with:
 
  
  22
2
2
2 Op
SOpKSp  (2.6)
High sulphur activities are possible at low oxygen partial pressures, with a resulting formation
of sulphides. For high partial pressures of oxygen and SO2, sulphates are formed. In a
thermodynamic stability diagram, the stable phase in equilibrium with the surrounding
atmosphere is represented. Such diagrams are explained in more detail in [17]. A
thermodynamic stability diagram for Ni-S-O is given in Figure 2.4.
1050-5-10-15-20-25-30
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Figure 2.4: Thermodynamic stability diagram for Ni-S-O at 900°C
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Another equilibrium in this atmosphere is given by the equation:
322 2
1 SOOSO  (2.7)
At high temperatures, the equilibrium is on the left side of the equation, which corresponds to
high SO2-contents. After the combustion in a gas turbine, nearly all sulphur is present as
sulphur oxides, mainly as SO2. SO2 can react with O2 to SO3. This reaction is kinetically
retarded and the short residence times do not permit equilibrium conditions to be reached.
Experience has shown that at the turbine outlet, 95% of the sulphur is converted to SO2, the
rest to SO3 [5].
Fundamental studies for pure nickel in pure SO2 or in O2/SO2-mixtures in the temperature
range 600-1000°C can be found in [28-32]. The composition of the corrosion product was
related to the phase stability diagrams [28, 31, 32]. The outer layer in contact with the gas
phase was composed by nickel oxides, which corresponds to high partial pressure of O2.
Below this outer scale of nickel oxides, a layer of nickel oxides and nickel sulphides was
formed with partial pressures of O2 and SO2, that both phase can co-exist. Adjacent to the
metal, a layer of pure nickel sulphides was present, where the partial pressure of O2 is too low
to form Ni-oxide. Depending on the partial pressure of the O2 and SO2, sulphates, oxides and
sulphides were formed. For binary alloys, Ni-Cr, Co-Cr, Fe-Cr, a comparable composition of
the corrosion products could be stated [33-35]. Below a Cr2O3 oxide scale, internal
sulphidation occurred.
Ternary NiCrAl-alloys, investigated in [36], exhibited significant degradation in air with
1% SO2 compared to oxidation in pure air. The sulphur can diffuse through the oxide scale
and form chromium sulphides beneath. The resulting depletion of chromium hinders the
formation of a protective oxide scale and leads to oxidation of all alloying elements.
2.2.1.3 Other phenomena: nitridation, carburisation, chlorination
As already stated, the atmosphere in the gas turbine is generally oxidising. Internal nitridation
is for some alloys a common phenomenon. Different nickel-base alloys were exposed in a
burner rig to combustion atmosphere at 980°C [37]. Three of them, Hastelloy X, IN617 and
Haynes 263, exhibited oxidation, but also internal nitridation. Cycling enhances the
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nitridation, because the nitrogen could more readily access the metal through the cracked
oxide scale. For these Cr2O3-forming alloys, small contents (less than 2.5wt.%) of Ti and Al
significantly lower the resistance against nitridation.
Carburisation and chlorination are not reported as significant failure mechanisms for the
alloys used in gas turbines.
2.2.2 Deposit-induced corrosion
Deposit-induced or hot corrosion has been defined as "accelerated oxidation of materials at
elevated temperatures induced by a thin film of fused salt deposit" [38]. For the initiation of
hot corrosion a deposition of the corrosive species, e.g. sulphates, is necessary. Out of the
thermodynamic stability diagrams, the operation condition, in which sulphates may be
formed, can be determined. Figure 2.5 gives such a diagram for the system Na-S-O. The
approximate operation window for stationary gas turbines is displayed in Figure 2.5.
Additional to the thermodynamic stability, the condensation of the corrosive species on the
blading material is necessary to initiate hot corrosion. The thermodynamic boundary
conditions for the condensation are detailed in Chapter 3. In general, the deposition of
sulphates takes place on gas turbine blading due to high S-content and comparably low Cl-
content. The deposition of chlorides is very seldom. Even if the main input is NaCl from sea
water, sodium sulphate is formed, when the S-content is high enough. Burner rig studies have
shown that when S-containing fuel and sea salt are burned together, sodium sulphate results
as deposit [39, 40].
The typical temperature range for hot corrosion in gas turbines is 600-900°C. The upper
temperature limit is fixed by the dew point of the corrosive species, which depends on the
concentration of the impurities in the flue gas. The lower temperature limit is mainly defined
by the lowest eutectic melt that can be formed depending on the composition of the deposits
and the material of the component. Below the melting point, corrosion is said to slow down
because only solid-state diffusion is the rate controlling step. The melting point of some
deposits is given in Table 2.2. In other power generation plants, like waste incinerators, a
comparable type of hot corrosion can be found at temperatures down to 200°C due to low-
melting chlorides [41].
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Figure 2.5: Thermodynamic stability diagram for Na-S-O at 900°C;
GT: approximate operation window for gas turbines
From a kinetic point of view, it is convenient to define two stages for hot corrosion of
superalloys: the incubation stage and the propagation stage [42]. The incubation stage is
characterised by behaviour close to the behaviour without deposit. Often, the incubation time
can be defined as the time until a corrosive melt is formed. During the propagation stage, the
initially formed oxide scale is no longer protective and the corrosion rate is increased. The
deposit affects the time during which the alumina or chromia scales are protective for the
superalloy.
Salt Melting point [°C]
Na2SO4 884
K2SO4 1069
NaCl 800
Na2SO4 / K2SO4 831
Na2SO4 / NaCl 790
Na2SO4 / NiSO4 671
Na2SO4 / CoSO4 565
Na2SO4 / V2O5 525
Table 2.2: Melting point of typical corrosive deposits in gas turbines
GT
NaSO4
Na2S Na2O2
Na2O NaO2
NaS2
Na
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2.2.2.1 Dissolution of oxide scales
Alloys used in gas turbines form oxide scales at high temperatures. For the initiation of
corrosion, oxide scales are dissolved by salt deposits. This mechanism is also called fluxing.
In the following, the reactions and mechanisms are explained for Na2SO4, which is often the
dominant corrosive salt in such deposits. Comparable mechanisms are supposed to happen
with other salts, but are less investigated in detail.
Oxyanion melts of alkali sulphates, carbonates, nitrates and hydroxides show an acid / base
character. As the acidic components, one can consider SO3 (g), CO2 (g), NO2 (g) and H2O (g),
respectively. The alkaline oxide component can be defined as Lewis base [38].
In a melt of pure Na2SO4 exists the equilibrium:
3242 SOONaSONa  (2.8)
with
    constantloglog 32  SOpONaa (2.9)
The constant is temperature dependent and equals -16.7 at 927°C. It is common to define
-log a(Na2O) as the melt basicity, and log p(SO3) as melt acidity. Both parameters and the
oxygen activity are necessary for the understanding of oxide fluxing and the chemical
reactions involved. In melts of oxyanion salts, the role of the O2- ions can be compared to
hydroxide ions in aqueous solutions [17] with:


2Oacidbase (2.10)
The solubility of NiO is measured in Na2SO4-melts at 927°C and 1bar O2 as function of
a(Na2O) [17, 43, 44]. Figure 2.6 shows v-shaped curves for NiO, with a minimum for the
solubility. The curve on the left of the minimum corresponds to the basic dissolution, on the
right to acidic dissolution. For NiO, the reactions are in the form of:

 22
2 2
2
12 NiOOONiO basic dissolution (2.11)


22 ONiNiO acidic dissolution (2.12)
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Figure 2.6: Measured solubility for NiO in fused Na2SO4 at 927°C and 1bar O2
[43]
In the presence of Na2SO4 the reactions can be written for basic and acidic dissolution,
respectively, as [17]:
32242 22
12 SONaNiOOSONaNiO  (2.13)
424423 SONaNiSOSONaSONiO  (2.14)
As fluxing of NiO can happen by acidic and basic dissolution, NiO exhibits an amphoteric
behaviour in Na2SO4. Cr2O3 and Al2O3 follow analogous reactions for the dissolution [17,
42].
Figure 2.7 shows measured solubities of different oxides in fused Na2SO4 at 927°C and
1bar O2 [38]. According to Figure 2.7, two oxides with solubility minima at different basicity
values could be in contact with fused Na2SO4. Especially, if the environment has a basicity
value between the solubility minima, then synergistic dissolution of both oxides results. The
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oxide ions formed during the acidic dissolution of the more basic oxides, e.g. Fe2O3, NiO,
would supply the anions needed in the basic dissolution of the more acidic oxides, e.g. Al2O3,
Cr2O3. Hwang and Rapp [45] have investigated this behaviour for Fe2O3 and Cr2O3. They
measured a higher rate of dissolution, when both oxides are present. The synergistic and
accelerated dissolution is also of practical interest, since high temperature alloys are often on
Ni-, Co- or Fe-base with alloying elements such as Cr, Al. The synergistic dissolution can
only be prevented, when the protective oxide scale is formed out of Al2O3 or Cr2O3, without
any NiO, Co3O4 or Fe2O3.
Figure 2.7: Measured oxide solubilities in fused Na2SO4 at 927°C and 1bar O2.
[38]
Beside the direct acidic fluxing by Na2SO4, a second form is reported as alloy-induced acidic
fluxing. Refractory elements, such as Mo, W and V, often present in the superalloy, form
oxides that cause Na2SO4 to become acidic. Hence, when these elements are oxidised in the
presence of Na2SO4 deposits, they lead to catastrophic self-sustaining hot corrosion via acidic
fluxing [42].
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2.2.2.2 Type I hot corrosion
Type I hot corrosion or high temperature hot corrosion (HTHC) is observed mainly in the
temperature range 800-950°C. The upper limit is defined by the dew-point of the corrosive
species [46]. The lower temperature limit is more variable. Type I corrosion was also reported
to occur at temperatures down to 750°C. The typical microstructure exhibits internal
sulphidation with corresponding depletion of the reactive component in the alloy substrate.
For type I corrosion, basic dissolution of the oxide scale is the predominant mechanism [38,
46, 47]. Studies on fundamental understanding were carried out on pure Ni [17, 29-32, 48],
Ni-Cr and Co-Cr binary alloys [49]. For these simple systems, the reactions and mechanisms
are described in detail. High-temperature alloys used in gas turbines often have more than 5
alloying elements, hence, the chemical reactions involved are more complex.
From the class of Al2O3-forming superalloys, B-1900 was investigated by Fryburg and co-
workers [50] in detail. B-1900 is nickel-based with 8wt.% chromium, 6wt.% aluminium and
6wt.% molybdenum. The Na2SO4-coated (3mg/cm2) specimens were exposed at 900°C in
pure oxygen. After a short incubation period of ~3 hours, basic dissolution of the
Cr2O3/Al2O3-oxide scale took place with simultaneous formation of SO3. From the
thermodynamic stability diagram, Cr is thought to be present in the form of Na2CrO4. MoO3
resulting from the oxidation of carbides, reacts with Na2SO4 to form Na2MoO4 leading to an
increasing acidity of Na2SO4 due to the consumption of O2- ions by this reaction. At the same
time, Fryburg et al. claim that the activity of sulphur increases and can diffuse into the alloy,
where the partial pressure of O2 is low enough to form sulphides. The formation of Na2MoO4
(M.P.= 690°C) with MoO3 gives the molten corrosive phase, which can affect acidic
dissolution of the protective oxides Cr2O3 and Al2O3. The acidic fluxing leads to linear rates
and catastrophic corrosion. Fryburg et al. have proposed a mechanism that exhibits a switch-
over from basic dissolution to alloy-induced fluxing resulting in a fast destruction of the
superalloy.
Fryburg et al. [51] also investigated in a similar way the hot corrosion behaviour of IN738 at
900°C. IN738 is a Cr2O3-former, with 16wt.% Cr, 3.4wt.% Al, 2.5wt. W and 1.5wt.% Mo. In
this study, comparable results to B-1900 were stated. After a long incubation period of 55
hours, basic dissolution of Cr2O3 was caused by Na2SO4. Due to the oxidation of Mo-W-
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carbides, the molten corrosive phase MoO3-WO3 / Na2MoO4 -Na2WO4 was formed and gave
rise to alloy-induced acidic fluxing.
2.2.2.3 Type II hot corrosion
Type II hot corrosion or low temperature hot corrosion (LTHC) is observed at temperatures
between 600-800°C. The morphology of the corrosion product is characterised by a non-
uniform pitting-like attack with small or no internal sulphidation. [38, 42].
Type II corrosion mainly exhibits the acidic dissolution of the oxide scale sustained by the
higher partial pressure of SO3 than in the temperature regime of type I. Fundamental studies
on Co-30Cr and Ni-30Cr were performed by Luthra and Shores [47], in which samples were
coated with Na2SO4 and exposed in O2/SO2/SO3 atmosphere between 600 and 900°C. After a
short time, Na2SO4 and SO3 reacted with the oxide scale to form NiSO4 or CoSO4. Na2SO4
and NiSO4 form a eutectic mixture at 38mol% NiSO4 with a melting point of 671°C. For
Na2SO4 and CoSO4 the eutectic mixture is at 50mol% and melts at 565°C. The sulphate
mixture must be molten to cause a rapid degradation of the material. Luthra et al. have shown
that a minimum partial pressure of SO3 is required for the liquid phase. The curve is given for
Na2SO4-CoSO4. A similar curve for Na2SO4-NiSO4 is proposed in [17].
Type II hot corrosion is characterised by acidic dissolution of the oxide scales with a
relatively high partial pressure of SO3. The incubation period is the time until the corrosive
melt, e.g. Na2SO4-NiSO4, has been formed. The corrosive phases cause the high corrosion
rates because the liquid phase is stabilised by the SO3/O2-environment.
2.2.3 Corrosion test methods
Various test method are used to evaluate hot corrosion resistance of high temperature alloys,
such as burner-rig test, furnace test (Dean test), embedded ash test and salt-spraying test. A
review of the different test methods can be found in [52-56]. Nowadays, salt-spraying tests
[49-51, 57] and burner rig testing [58-60] are the most commonly used. For a salt-spraying
test, the corrosive species in solution are sprayed onto the heated specimens. Then the solvent,
such as water or ethanol, evaporates and the salt deposit remains on the surface. Afterwards,
the salt-coated specimens are exposed to high temperature under a defined atmosphere. This
type of testing has the advantage of very controllable test conditions, such as amount and
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composition of salt, re-coating frequency and atmosphere. This low-cost test method is
suitable for ranking tests and the test conditions can be easily varied to simulate different
operation concepts, e.g. gas-fired engine with 'dirty' back-up fuel, oil-fired turbine with
continuous high impurity loading. The disadvantage is the test conditions are not reflecting
the gas turbine with respect to deposition of the salt, flow velocity or pressure.
In burner rig testing, the specimens are exposed directly to the hot gas. In these burners,
typical gas turbine fuels can be burned and impurities can be added, e.g. sea salt. The salt
deposit is formed during testing. The deposition conditions are closer to those in the gas
turbine compared to furnace testing. This type of testing is also appropriate for lifetime
modelling. The disadvantage is that most of the test rigs operate at atmospheric pressure with
moderate gas velocities, and the equipment and the testing itself is expensive compared with
the salt-spraying test.
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3. Thermodynamic modelling of dew points
Hot corrosion of gas turbines materials can only be initiated if a deposit of corrosive species is
present (cf. Chapter 2.2.2). The occurrence of such deposits can be evaluated by
thermodynamic modelling of the dew point. The dew point is here defined, as the maximum
temperature at which a condensation can take place from a thermodynamic point of view. The
dew point is dependent on the composition of the hot gas and pressure. Kinetic aspects, e.g.
deposition rate, aerodynamic features, are not taken into account.
3.1 Theoretical background
The computer program ChemSage Version 4.1 [61, 62] was used to calculate the
thermodynamic equilibrium of sulphate and chloride condensation. This program is derived
from SOLGASMIX – PV, which has been successfully applied for calculation of stability of
Mg-vanadates in crude oil fired industrial gas turbines [63]. The calculation of the
thermodynamic equilibrium is done in this program by minimising the Gibbs free energy of
chemical reaction systems [61]. The amount and composition of compounds in complex
chemical reaction systems can be calculated for a wide temperature and pressure range. The
high flow velocity of the combustion gas and its short dwell time near the blading was not
taken into account for the following calculations.
For the calculation, a data-file was created containing the following elements: C, H, O, N, Ar,
S, Cl, Na, K, Ca. The thermodynamic data are taken form the database: SGTE Pure
Substances Databases (Edition 1996) SPS96T02 [62].
3.2 Boundary conditions
For the calculations performed, model compositions for the fuel, the air and the water were
taken. The impurities will be added separately. As mentioned in Chapter 2, the total amount
of impurities in the hot gas is crucial for the dew point of corrosive species, hence for hot
corrosion. The combustion in gas turbines is carried out in excess of air, also called lean
combustion [5]. Often the air to fuel ratio is given by mass. For better comparison, the
parameter  is introduced, which denotes the ratio of excess air.  is defined as actual air mass
flow divided by the air mass flow needed for stoichiometric combustion.  equals 1 for
stoichiometric combustion.  reaches 2, if twice the amount of air is provided, which is
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needed for a stoichiometric combustion. The impurities will be given in fuel-equivalents (cf.
Chapter 2.1).
3.2.1 Composition of the air and injected water
The composition of the air is based on the ISO 2533-1975 (E) Standard atmosphere. For the
calculation, only the main components were considered (Table 3.1). The injected water is
considered to be 100% H2O, without any contamination.
Model air vol% ratio to O2
[mol]
wt.% Atomic mass
[g/mol]
Mass air per
mol O2 [g/mol]
N2 78.1 3.719 75.54 28
O2 21 1 23.21 32
Ar 0.9 0.043 1.24 39.95
137.85
Table 3.1: Composition of the air
3.2.2 Composition of fuel
The gaseous fuel is considered to be ‘pure’ methane, CH4 for the thermodynamic calculations.
This composition corresponds to a C- to H ratio of 1:4 by mole and 3:1 by weight (Table 3.2).
The liquid fuel is set here to a C- to H ratio of 1:2 by mole and 6:1 by weight (Table 3.2). This
composition can be found for diesel or Heizöl EL. In the following, the gaseous fuel is
designated as gas, the liquid fuel as oil.
Model fuel C to H ratio
[mol]
C to H ratio
by weight
C 1 3Gaseous fuel
(= Gas) H 4 1
C 1 6Liquid Fuel
(=Oil) H 2 1
Table 3.2: Composition of the model fuel
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3.2.3 Composition of the hot gas after combustion
The combustion in the gas turbine can be written as:
  

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where: y = reciprocal value of the C to H ratio in mol
 = amount of excess air: actual air mass flow divided by the air mass
flow for stoichiometric combustion
z = injected water in mol
The equation also includes the possibility of water injection in the gas turbine, which is
explained in detail in Chapter 2.1. For stoichiometric combustion without additional water
injection, which corresponds to =1 and z=0, the equation 3.1 changes to:
 




	
 ArNOyyHC 043.0719.3
4
11 22
                          ArNyOHyCO 043.0719.3
4
11
2 222






	 (3.2)
Both equations show the main influencing parameters for the composition of the hot gas in
gas turbines.
 The C to H ratio in mol (=1/y) defines how much air is needed for stoichiometric
combustion.
 The amount of excess air  (cf. Equation 3.1), which is defined as the ratio between actual
air mass flow and air mass flow needed for stoichiometric combustion.
 The quantity of injected water.
hot gas
fuel air
fuel air
hot gas
water
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As described above, y equals 4 for fuel gas, and 2 for fuel oil. The composition of the hot gas
can be found for different values of  in Table 3.3 for gas and in Table 3.4 for oil.
Gas; y= 4 =1 =1.1 =1.5 =2
= 0 = 0 = 0 = 0
CO2 [vol%] 9.50 8.71 6.54 4.99
H2O [vol%] 19.00 17.43 13.08 9.98
O2 [vol%] 0 1.74 6.54 9.98
N2 [vol%] 70.68 71.29 72.99 74.20
Ar [vol%] 0.81 0.82 0.84 0.86
Fuel mass flow [%] 5.49 5.01 3.72 2.82
Air mass flow [%] 94.51 94.99 96.28 97.18
Water mass flow [%] 0 0 0 0
AFR [-] 17.21 18.95 25.85 34.46
Table 3.3: Composition of the hot gas after combustion in vol.% for gas with
C:H = 4 for different amounts of excess air without injected water (=0); AFR:
air to fuel ratio by weight
Oil; y= 2 =1 =1.5 =2
= 0 = 0 = 0
CO2 [vol%] 13.08 8.92 6.76
H2O [vol%] 13.08 8.92 6.76
O2 [vol%] 0 6.69 10.14
N2 [vol%] 72.99 61.02 75.46
Ar [vol%] 0.84 0.76 0.87
Fuel mass flow [%] 6.34 4.32 3.27
Air mass flow [%] 93.66 95.68 96.73
Water mass flow [%] 0 0 0
AFR [-] 14.77 22.15 29.54
Table 3.4: Composition of the hot gas after combustion in vol.% for oil with
C:H = 2 for different amounts of excess air without injected water (=0); AFR:
air to fuel ratio by weight
To describe the combustion, the air to fuel ratio by weight, AFR, is often used as a parameter.
AFR and  are linked by the equation 3.3.
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(3.3)
with: mAir : mass of air per mol O2 (= 137,85g/mol)
mC : atomic mass of carbon (= 12g/mol)
mH : atomic mass of hydrogen(= 1g/mol)
The air to fuel ratio (AFR) is plotted as a function of the excess air  (Figure 3.1). For the
same value of the excess air , a higher amount of air is needed to burn gas than oil. When the
impurities are mostly fuel-borne, the higher amount of air for burning gas would lead to a
better dilution and hence a lower impurity-level in the hot gas.
0
10
20
30
40
50
60
70
0 0.5 1 1.5 2 2.5 3 3.5 4
Lamda 
A
ir 
to
 fu
el
 ra
tio
 b
y 
w
ei
gh
t Gas
Oil
Figure 3.1: The air to fuel ratio (AFR) as a function of the amount of excess air 
for gas with y=4 and oil with y=2.
Table 3.5 and 3.6 give also the composition of the hot gas for different quantities of injected
water for gas and oil, respectively. The parameter  is introduced and is defined by the mass
flow of injected water divided by the mass flow of fuel. The amount of H2O does not
influence AFR or .  is an independent parameter.  and z, from equation 3.1, are related
by the following equation:
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with: mH2O : molecular mass of water (= 18g/mol)
Gas; y= 4 =2 =2 =2 =2
= 0 = 1 = 1.5 = 2
CO2 [vol%] 4.99 4.78 4.68 4.58
H2O [vol%] 9.98 13.80 15.59 17.31
O2 [vol%] 9.98 9.55 9.35 9.16
N2 [vol%] 74.20 71.05 69.58 68.18
Ar [vol%] 0.86 0.82 0.80 0.79
Fuel mass flow [%] 2.82 2.74 2.71 2.67
Air mass flow [%] 97.18 94.51 93.24 91.99
Water mass flow [%] 0 2.74 4.06 5.34
AFR [-] 34.46 34.46 34.46 34.46
Table 3.5: Composition of the hot gas after combustion in vol.% for gas with C:H
= 4 and =2 for different amounts injected water (); AFR: air to fuel ratio by
weight
Oil; y= 2 =2 =2 =2 =2
= 0 = 1 = 1.5 = 2
CO2 [vol%] 6.76 6.34 6.27 6.12
H2O [vol%] 6.76 11.42 13.58 15.54
O2 [vol%] 10.14 9.64 9.40 9.18
N2 [vol%] 75.46 71.69 69.94 68.28
Ar [vol%] 0.87 0.83 0.81 0.79
Fuel mass flow [%] 3.27 3.17 3.12 3.07
Air mass flow [%] 96.73 93.66 92.20 90.78
Water mass flow [%] 0 3.17 4.68 6.15
AFR [-] 29.54 29.54 29.54 29.54
Table 3.6: Composition of the hot gas after combustion in vol.% for oil with C:H
= 2 and =2 for different amounts injected water (); AFR: air to fuel ratio by
weight
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3.2.4 Impurities
The impurities are added as fuel-equivalents by weight (cf. Chapter 2.1.3.2; equation 2.1).
The impurities are given in mg/kg (=wppm) fuel or in g/kg (=10-1wt.%) fuel. With the known
fraction of fuel in the hot gas, the impurity content is then calculated. The study is focused on
the corrosive species, S, Na, K and Cl. The ranges of the quantity of injected impurities are
mentioned in Table 3.7. The amount of impurities in the hot gas is in the range of
10-2-10-4wt.% for sulphur, in the range 10-6-10-7wt.% for the alkali-metals, Na and K, and in
the range of 10-4-10-6wt.% for chlorine. The amount of all impurities with maximum
combined total of 10-2-10-4wt.% has been added to the combustion gas. The minor changes of
the overall hot gas are neglected.
Impurity Added quantity in fuel
equivalent by weight
Quantity in hot gas
Sulphur 0.1-10 g/kg fuel (=0.01-1wt.%) 10-2-10-4wt.%
Sodium 0.1-1 mg/ kg fuel (=wppm) 10-6-10-7wt.%
Potassium 0.1-1 mg/ kg fuel (=wppm) 10-6-10-7wt.%
Chlorine 1-100 mg/ kg fuel (=wppm) 10-4-10-6wt.%
Table 3.7: Added quantity of impurities, given in fuel equivalent with
corresponding quantity in the hot gas
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3.3 Calculation and discussion of dew point curves in dependence of the
impurity-content
Based on the calculation of the dew point, the surface of the turbine components with
corrosion risk can be defined. As stated in Chapter 2, a corrosive deposit is necessary on the
material before hot corrosion can occur. This leads to the conclusion, that only the surfaces
with temperatures at a certain pressure below the dew point are at risk of corrosion. All the
surfaces with temperatures above that dew point are submitted to a gaseous attack, which is
oxidation for most materials (cf. Chapter 2). Figure 3.2 visualises the area of corrosion risk.
The dew point of Na2SO4 is calculated for gas, with  = 2, = 0 (cf. Table 3.3). As reference
state, the following impurity levels (in fuel-equivalents) are set: 0.1wt.% S, 0.5wppm Na,
0.5wppm K. The dew point rises with increasing pressure, which leads to more surface areas
with the risk of hot corrosion. The dew point curve depends on the composition of the fuel (C
to H ratio), the amount of excess air, injected water and the level of impurities such as S, Na,
K, Cl.
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Figure 3.2: Dew point of Na2SO4, for gas, 0.1wt.% S, 0.5ppm Na, 0.5ppm K,
 = 2, = 0
risk of hot corrosion
31
A parameter study was performed to identify the main influencing factors for the dew point.
The amount of excess air and injected water was varied as well as the amount of impurities
(S, Na ,K, Cl) in the gas turbine media. The influence of fuel type was checked with different
amounts of S and Na. All dew points are calculated between 105 and 3106 Pa (1 and 30bar).
In the following, the effect of the different parameters will be compared at 1 and 30bar.
Table 3.8 shows the composition of the hot gas after combustion in wt.% for burning gas. The
contents of the different added impurities in the hot gas are given in fuel-equivalents.
Gas; y= 4 =2, = 0
CO2 [wt.%] 7.75
H2O [wt.%] 6.34
O2 [wt.%] 11.28
N2 [wt.%] 73.41
Ar [wt.%] 1.21
S 1wt.% [wt.%] 2.82 10-2
0.1wt.% [wt.%] 2.82 10-3
0.01wt.% [wt.%] 2.82 10-4
Na 1wppm [wt.%] 2.82 10-6
0.5wppm [wt.%] 1.41 10-6
0.1wppm [wt.%] 2.82 10-7
0.01wppm [wt.%] 2.82 10-8
K 1wppm [wt.%] 2.82 10-6
0.5wppm [wt.%] 1.41 10-6
0.1wppm [wt.%] 2.82 10-7
0.01wppm [wt.%] 2.82 10-8
Cl 100wppm [wt.%] 2.82 10-4
10wppm [wt.%] 2.82 10-5
Fuel mass flow [%] 2.82
Air mass flow [%] 97.18
Water mass flow [%] 0
AFR [-] 34.46
Table 3.8: Composition of the hot gas after combustion in wt% for gas with
C:H = 4 and =2, =0; AFR: air to fuel ratio by weight; The impurities (S, Na, K,
Cl) are added in fuel-equivalents.
3.3.1 Influence of the amount of excess air
For one impurity-content, of 0.1wt.%S, 0.5ppm Na, 0.5ppm K, the dew point of sodium
sulphate was calculated for different values of amount of excess air . The value of injected
water is kept constant with = 0 (Figure 3.3). For =1.1-2.5, with increasing amount of
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excess air  the dew point is lowered by 20K at 1bar and by 45K at 30bar. The excess air has
a dilution effect, which reduces the fuel mass flow considerably from 5.01% to 2.81%. Since
the impurities are added relative to fuel, the impurity content in the hot gas and the dew point
will be lowered as well. For higher pressures, the dilution effect is more pronounced.
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Figure 3.3: Influence of excess air: Dew point of Na2SO4, is plotted in
dependence of the amount of excess air for gas, 0.1wt.% S, 0.5ppm Na,
0.5ppm K, =0
3.3.2 Influence of the amount of injected water
The amount of injected water  was varied between 0 and 2.  is defined by the mass flow of
injected water divided by the mass flow of fuel. The injected water changes the dew point
only slightly (Figure 3.4). The dew point is reduced by 3K at 1 bar and 3.7K at 30bar for =2
compared to no supplementary water injection (=0). Here, the pressure influence is very
small and can be neglected. The fuel mass flow changes from 2.82% for =0 to 2.67% for
=2 (cf. Table 3.5). As the impurities are added relative to the fuel mass flow, only slight
changes in the dew point were expected.
33
600
650
700
750
800
850
900
950
1000
1.00E+05 1.00E+06 1.00E+07
Pressure [Pa]
Te
m
pe
ra
tu
re
 [°
C
]
0 Omega
1 Omega
2 Omega
Dew point Na2SO4
0.5ppm Na, 0.5ppm K,
0.1wt.% S
  = 2, Gas
Figure 3.4: Influence of injected water: Dew point curves of Na2SO4 are plotted
in dependence of the amount of injected water for gas, 0.1wt.% S, 0.5ppm Na,
0.5ppm K, =2
3.3.3 Influence of the sulphur content
The sulphur content was varied between 0.01-1wt.%. The resulting dew point curves for
Na2SO4 and K2SO4 are displayed in Figure 3.5. At pressures above 1.5-1.8bar, the dew point
rises with increasing sulphur-content. This effect is enhanced with increasing pressure. The
cross-over is at 1.8bar and at 1.5bar for Na2SO4 and K2SO4, respectively. Below these
pressures, the dew point is decreased slightly. At 30bar, the increase of sulphur from
0.01wt.% to 0.1wt.% results in a increase of the dew point of ~18K for both sulphates. The
difference between 0.1wt.% and 1wt.% is only ~8K. The variation of sulphur by a factor of
100, from 0.01wt.% to 1wt.%, results in an increase of the dew point of ~26K for both
sulphates at 30bar. At 1bar, the increase of sulphur content is almost negligible, with a
decrease of 1-3K for the dew points of sodium and potassium sulphate.
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Figure 3.5: Influence of sulphur content: Dew point curves of Na2SO4 and K2SO4
are plotted in dependence of the amount sulphur for gas, =2 and =0
3.3.4 Influence of the alkali-content
The alkali contents of Na and K were varied between 0.01 and 1wppm independently from
each other. The level of one alkali compound was maintained at 0.5ppm, while the other was
varied. Within the here used alkali-sulphur-ratios no interaction between the dew point of
Na2SO4 and K2SO4 could be stated. In Figure 3.6, the dew point curves for Na2SO4 are given
for different levels of Na. The variation of the alkali-content shows a high impact on the dew
point curves. The lower the alkali-content, the lower is the resulting dew point. A reduction of
the Na-content by a factor ten (1ppm to 0.1ppm) gives a difference in dew point of ~100K at
30 bar and of ~80K at 1 bar. The influence of the pressure is less pronounced at lower
impurity contents, which is shown by a lower gradient of the dew point curves.
Similar dependencies are found for K2SO4 (Figure 3.7). The dew point is lower for K2SO4
than for Na2SO4, at the same fuel-equivalent contamination (in wppm). The lowering of the
dew point of K2SO4 for reduced alkali-content is in the same order as for Na2SO4.
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Figure 3.6: Influence of sodium content: Dew point curves of Na2SO4 is plotted
for different Na-levels for gas, 0.1wt.% S, 0.5ppm K, =2 and =0
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Figure 3.7: Influence of potassium content: Dew point curves of K2SO4 is plotted
for different K-levels for gas, 0.1wt.% S, 0.5ppm Na, =2 and =0
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3.3.5 Influence of the chlorine content
Two levels of chlorine (10 and 100ppm) were added to the reference contamination of
0.5ppm Na, 0.5ppm K, 0.1wt.% S. The dew point curves of Na2SO4 and K2SO4 are plotted in
Figure 3.8. The behaviour for both sulphates is similar. The chlorine addition results in a
reduction of the dew point. This is caused due to the formation of NaCl and KCl in the gas
phase. Sodium and potassium are partially retained in the gas phase as chlorides and only the
remaining amount of the alkali-metals is available for the formation of the corresponding
sulphates. This reduces the amount of the alkali- sulphates in the gas phase, and hence the
dew point. For the addition of 100ppm chlorine, the dew point of Na2SO4 is reduced by ~44K
at 1bar and 34K at 30bar. The reduction is a little lower for K2SO4 with ~43K and 28K for
1bar and 30bar, respectively. The higher the pressure, the lower is the dew point reduction for
the addition of chlorine.
For all the calculated scenarios, the condensation of sodium chloride or potassium chloride
was thermodynamically not possible at temperatures above 300°C. The addition of chlorine
acts with respect to the dew point of sulphates as apparent reduction of the alkali-content.
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Figure 3.8: Influence of chlorine content: Dew point curves of Na2SO4 and
K2SO4 are plotted for different Cl-levels for gas, 0.1wt.% S, 0.5ppm Na,
0.5ppm K, =2 and =0
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3.3.6 Influence of the fuel type
The dew point curves of Na2SO4 and K2SO4 were calculated for fuel oil with C to H ratio of
1:2 by mole (cf. Table 3.2). The impurities are added in fuel-equivalent as for the previous
calculations. The curves for different sulphur levels are given in Figure 3.9. The
characteristics of the dew point curves are the same as for gas (cf. Figure 3.5). The cross-over
point is again 1.8bar and 1.5bar for Na2SO4 and K2SO4, respectively. At 30bar, the increase of
the sulphur content from 0.01wt.% to 1wt.% leads to a higher dew point of ~25K for both
sulphates. At 1bar, it causes a slight decrease of the dew points by 1.5-3K for both sulphates.
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Figure 3.9: Influence of sulphur content for oil: Dew point curves of Na2SO4 and
K2SO4 are plotted in dependence of the amount sulphur for oil, =2 and =0
In Figure 3.10, the dew point of Na2SO4 is displayed for oil combustion and gas combustion
(out of Figure 3.6) for different sodium-levels. The dew points for oil are slightly increased
compared to gas combustion. For 1ppm Na, the difference is ~9K at 30bar and ~6K at 1bar.
At lower sodium-levels, the difference between both fuel types becomes smaller. For
0.01ppm sodium, the dew points for oil combustion are higher by ~7K at 30 bar and ~4K at
1bar. The dew point curves of K2SO4 follow the same dependencies and the difference of the
dew points for oil combustion and gas combustion are comparable to that of Na2SO4.
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Figure 3.10: Influence of fuel type: Dew point curves of Na2SO4 are plotted for
different sodium levels for oil and gas, =2 and =0
The increase of dew point for oil combustion is due to a higher impurity level in the hot gas.
For the same combustion conditions (=2 and =0), the fuel mass flow for oil is higher than
for gas, with 3.27% and 2.82%, respectively. As the impurities are added relative to the fuel, a
higher mass flow results in an increased impurity level, and hence a higher dew point. The
mass flow of air for oil combustion is lower than for gas combustion, which is already shown
with the difference in air-to fuel ratio by weight (AFR) in Figure 3.1.
To compare the effect of the different compositions of the hot gas for gas and oil, the impurity
content of the hot gas is fixed at the same level. For =2 and =0, 0.5ppm Na and 0.1wt.% S
as fuel-equivalent in gas correspond to 0.43ppm Na and 0.086wt.% S in oil to get the same
impurity-level in the resulting hot gas. The dew point of Na2SO4 is calculated for these
conditions in Figure 3.11. The difference between both conditions is less than 1K. The
slightly higher values of the dew points for oil could be linked to the reduced water-content
compared to gas (Table 3.3 and 3.4). The variations in the main components of the hot gas,
such as N2, O2, CO2, seem to influence the dew point of sulphates only slightly within the
here calculated boundary conditions.
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Figure 3.11: Influence of fuel type: Dew point curves of Na2SO4 are plotted for
the same impurity level in the hot gas for oil and gas, =2 and =0
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3.4 Conclusions for laboratory experiments and operation of a gas turbine
The influence of two combustion parameters, excess air () and injected water (), on the
dew point of Na2SO4 was investigated. The dew points are lowered with increased amount of
excess air due to a dilution effect. The addition of water to the combustion has a minor impact
with a reduction of maximum 4K. The difference can mainly be explained by the difference in
fuel mass flow at the investigated conditions. The impurities are added in fuel equivalent,
thus, the impurity content in the hot gas is directly dependent on the fuel mass flow.
The influence of the fuel type (C to H ratio) on the dew point is relatively low with an
increase of maximum 10K, when burning oil compared to burning gas. The difference of dew
point is caused by the different fuel mass flow. If the impurity-level in the hot gas is fixed, the
influence of the C to H ratio is less than 1K.
The contents of the impurities S, Na and K, were varied in typical ranges for gas turbines. A
reduction of the sulphur-content by a factor of ten gives only a lower dew point of maximum
8K. The variation of the alkali-content has a high impact on the dew point. A reduction of the
Na-content by a factor of ten gives a difference in the dew point of up to 100K. The behaviour
of the dew points of K2SO4 is similar to that of Na2SO4. At higher temperatures, Na2SO4 is
the only condensed species. At lower temperatures, Na2SO4 and K2SO4 can be deposited at
the same time. Here eutectic mixtures of these salts need to be taken into account for the hot
corrosion attack.
The addition of chlorine to the hot gas gives a reduction of the dew points of Na2SO4 and
K2SO4. Alkali-chlorides and -sulphates were formed at the same time. The amount of alkali-
sulphates is reduced compared to the condition without chlorine. This leads finally to a dew
point reduction. Condensation of alkali-chlorides was not possible under these conditions at
temperatures above 300°C.
For the laboratory testing one can conclude that sodium and potassium sulphate are the
predominant corrosive species for hot corrosion in gas turbines under the here presented
conditions. The consideration of alkali-chlorides as deposits is not necessary. Chlorine should
only be added in a gaseous form, e.g. HCl, for the investigation of possible effects on the
reaction between deposits and material.
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This study exhibits clearly that the content of the alkali-metals, sodium and potassium, is the
crucial parameter for the risk of hot corrosion in gas turbines. The sulphur content plays only
a secondary role. The combustion parameters, such as excess air and injected water influence
the dew point curves only slightly. The amount of impurities is usually fixed in fuel-
equivalents (cf. Chapter 2.1). The resulting content of impurities in the hot gas is directly
connected to the fuel mass flow, which varies in dependence of the C to H ratio. To guarantee
the same corrosion risk for different fuels, the impurity content in the hot gas need to be fixed.
This can be achieved by coupling the maximum allowed contamination in fuel equivalent to a
standard fuel composition, e.g. gas. Otherwise, the corrosion risk increases with burning fuel
with lower heating values (higher relative C-content), which requires higher fuel mass flow
for the same energy.
As shown in Chapter 2.1, the alkali-metals are limited as the sum of Na and K (1ppm in Table
2.11). For a conservative assessment of the corrosion risk, the dew point of Na2SO4 needs to
be calculated because at comparable contamination levels of Na and K, the dew point of
Na2SO4 is always at higher temperatures than for K2SO4.
Using the calculated dew point curves, the maximum possible surface with corrosion risk can
be determined for each component in the gas turbine, when the temperature and pressure
distribution is known. The deposition of the corrosive species will then depend on the
aerodynamic features on the components themselves. An overview of deposition mechanisms
on turbine blades is given in [64].
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4. Experimental
4.1 Investigated materials
For the hot corrosion testing representative materials used in today gas turbines (cf.
Chapter 1) were chosen. From the class of Ni-based superalloys, three commercial base
material alloys, IN738, CM247 and CMSX-4, were tested in the present study. IN738 was
investigated as conventionally cast material, CM247 as directional solidified material,
CMSX-4 as single crystal alloy. The nominal composition is given in Table 4.1 [65, 66].
These superalloys have a -matrix with the -precipitates [67]. IN738 has additional M23C6-
carbides and CM247 mainly MC-type carbides. CMSX-4 exhibits no carbides due to the
small amount of carbon. The composition of ,  and carbides in wt.% are given in
Table 4.2-4 and the phase fraction in vol.% are displayed in Table 4.5. These values are
calculated at equilibrium conditions at 800°C with THERMOCALC [68, 69] for the
composition out of Table 4.1.
wt.% Ni Co Cr Al Y Si Ta Ti Nb Hf Re W Mo C
IN738 61.6 8.4 16 3.6 - - 1.7 3.4 1 - - 2.5 1.7 0.11
CM247 61.7 9.2 8.1 5.6 - - 3.2 0.7 - 1.4 - 9.5 0.5 0.07
CMSX-4 61.7 9 6.5 5.6 - - 6.5 1 - 0.1 3 6 0.6 -
SV20 bal. - 23-27 3-7 0.2-2 1-3 0.2-2 - - - - - - -
Table 4.1: Nominal chemical composition of the investigated materials in wt.%
[65, 66]
IN738 Ni Co Cr Al Ta Ti Nb Hf Re W Mo C
 54.27 11.91 27.08 0.97 0.15 0.24 0.06 - - 3.16 2.17 0
' 73.46 4.28 2.28 6.04 3.36 6.58 2.01 - - 1.83 0.17 0
M23C6 4.73 1.80 69.79 0 0 0 0 - - 2.41 16.16 5.12
Table 4.2: Composition of the phases in wt.% for IN738 at 800°C in equilibrium
conditions calculated with Thermocalc
CM247 Ni Co Cr Al Ta Ti Nb Hf Re W Mo C
 53.04 15.05 17.71 1.82 0.14 0.05 - 0.03 - 11.31 0.86 0
' 68.08 5.87 2.86 7.76 4.87 1.06 - 0.50 - 8.68 0.31 0
MC 0 0 0.03 0 3.07 0.05 - 90.26 - 0.67 0.03 5.89
Table 4.3: Composition of the phases in wt.% for CM247 at 800°C in equilibrium
conditions calculated with Thermocalc
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CMSX-4 Ni Co Cr Al Ta Ti Nb Hf Re W Mo C
 48.26 15.88 16.47 1.51 0.23 0.06 - 0.01 8.85 7.52 1.20 -
' 67.88 5.84 1.92 7.48 9.38 1.43 - 0.14 0.31 5.30 0.32 -
Table 4.4: Composition of the phases in wt.% for CMSX-4 at 800°C in
equilibrium conditions calculated with Thermocalc
vol.% IN738 CM247 CMSX-4
 48.6% 34.1% 29.9%
' 48.9% 65.2% 70.1%
M23C6 2.5% - -
MC - 0.7% -
Table 4.5: Phase fraction of the base materials in vol% at 800°C in equilibrium
conditions calculated with Thermocalc
From the protective coatings, the NiCrAlY-coating SV20 is chosen, which is applied with
vacuum plasma spraying onto gas turbine components. The chemical composition is
mentioned in Table 4.1 [66]. SV20 is a -coating with -Cr at 800°C.
4.2 Test methods
4.2.1 Specimen manufacturing and preparation
 The samples of the base material were manufactured out of casted slabs. The specimens of
CM247 and CMSX-4 were cut perpendicular to <001>. The NiCrAlY-coating was tested here
as bulk material to exclude effects from the application process. Powder of SV20 was hot
isostatically pressed to bulk material and then cut into specimens. All the specimens were
manufactured by spark erosion. The dimensions are 10 x 10 x 1mm, except some SV20
specimens with a thickness of 3mm. The surfaces of the samples were ground up to 800 grit
with SiC-paper to guarantee comparable surface conditions prior testing. The specimens were
ultrasonically cleaned in ethanol for 5 minutes before application of the salt and testing.
4.2.2 Corrosion test: Salt-spraying test
For each material, samples with salt deposits were isothermally exposed at different
temperatures to dry air with 300vppm SO2. The flow rate was 60L/h (measured at 25°C/
1bar). Samples with Na2SO4-deposit and Na2SO4/K2SO4-deposit were exposed at
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temperatures between 750 and 950°C up to 250h. At 800°C, additional testing was performed
for 500h and 1000h. During testing, the specimens were taken out of the furnace and cooled
down to room temperature to measure the mass change. The experimental set-up is sketched
in Figure 4.1. The composition of the atmosphere was controlled by mass flow controllers.
air +
300vppm SO2
ceramic boat
(Al2O3)
salt deposit
furnace
furnace tube
(Al2O3)
exhaust
sample
Figure 4.1: Schematic drawing of the experimental set-up.
The salt deposit was set to 1mg/cm² (	0.03mg). The salt mixture of Na2SO4/K2SO4 was
composed of 80mol% Na2SO4 and 20mol% K2SO4, which is a composition with the lowest
melting point of this system [70]. The composition and the melting points [71] of the applied
salts are listed in Table 4.6. The water-soluble salts were sprayed on the specimens, which
were heated onto a plate at ~80°C. The water evaporates rapidly and the salt forms a thin salt
layer on the specimen. The salt-deposit was applied only on one side, once before exposure to
temperature.
Salt mixture Na2SO4 K2SO4 Melting point
1 100% 884°C [71]
2 80mol% 20mol% 831°C [70]
Table 4.6: Composition and melting point of the salt deposits
4.2.3 Oxidation testing in air + 300vppm SO2
The reference samples were prepared in the same way as the corrosion samples. For each
condition, a specimen without salt deposit was oxidised in the same atmosphere, dry air with
300vppm SO2. During testing, the mass gain of these samples was also recorded.
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4.3 Preparation for investigation
4.3.1 Preparation for surface investigation
For the investigation of the surface in the scanning electron microscope (SEM), the sample
surface was sputtered with carbon.
4.3.2 Metallographic preparation
All the samples were embedded in polymer resin (Epofix). The oxidation samples were
ground up to 1µm. The metallographic preparation of the corrosion samples was done without
water. The steps of the grinding can be found in Table 4.3. Between the different grinding
steps, the samples were cleaned with compressed air.
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6
Abrasive surface SiC
320grit
SiC
500grit
SiC
800grit
SiC
1000grit
SiC
1200grit
SiC
2400grit
Pressure [N] 90 90 90 90 90 90
Time [min] 2 2 2 2 2 2
Table 4.3 Grinding procedure of the corrosion samples
4.4 Investigation methods
The metallographic samples were investigated with electron microscopy. A scanning electron
microscope CamScan and the microprobe JEOL-8900RL were used. The images from the
sample surfaces were done in the secondary electron mode (SEI). The images of the
metallographic cross section were taken in the back scattered electron mode (BSE). The
analysis of the phases were performed with a energy dispersive x-ray (EDX) detector on the
microprobe, where also a semi-quantitative analysis is offered. The JEOL microprobe with
three wavelength dispersive x-ray detectors (WDX) was used for the element mappings.
The X-ray diffraction of selected samples was done after the exposure to high temperature for
the investigation of the composition of the oxide scale and of the corrosion products.
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5. Results
5.1 Oxidation in air with 300ppm SO2: Reference samples
Oxidation treatment was performed in air + 300vppm SO2 without any salt deposit. The four
investigated materials can be divided into two groups: IN738 is a chromia-former, CM247,
CMSX-4 and SV20 are alumina-formers. The parabolic rate constant (kp-value) of oxidation
in air + 300ppm SO2 is shown for all materials as an Arrhenius-plot in Figure 5.1.
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Figure 5.1: The parabolic rate constant (kp-value) of IN738, CM247, CMSX-4
and SV20 in air + 300ppm SO2 between 750-950°C
5.1.1 Chromia-former: IN738
In the investigated temperature range, the specific mass gain of the IN738-samples follows a
parabolic law. Between 750°C and 900°C, the oxidation is activated with 338kJ/mol. At
950°C, the kp-value deviates from the linear behaviour at lower temperatures. This could
indicate a change of mechanism.
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Even if IN738 is classified as chromia-former, the oxide scale does also contain other oxides.
IN738 contains carbides of heavy elements such as Cr, Mo, Ni, W (Table 4.2), which are
present to increase the mechanical properties at high temperatures. Figure 5.2 shows a typical
morphology of the surface. The carbides are preferentially oxidised. This behaviour is also
visible in the cross section (Figure 5.3). The oxide scale is mainly composed of chromia. The
EDX-analysis indicates beside Cr and O also a minor amount of Ti. Below, aluminium is
oxidised internally.
At 850-900°C (Figure 5.4), the oxide scale has a comparable composition to that formed at
800°C. The zone of internal oxidation is more pronounced. Below this zone, titanium nitrides
are found.
Figure 5.2: IN738, 800°C/ 507h, air + 300ppm SO2, surface
1: oxidised carbide
1
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Figure 5.3: IN738, 800°C/ 507h, air + 300ppm SO2, cross section
1: Cr-Ti-oxide, 2: internal oxidation of aluminium (dark phase),
3: oxidised carbide, 4: carbide
Figure 5.4: IN738, 900°C/ 321h, air + 300ppm SO2, cross section
1: Cr-Ti-oxide, 2: internal oxidation of aluminium (dark phase),
3: Ti-nitrides (grey phase), 4: carbide
3 21
4
1
3
4
2
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5.1.2 Alumina-formers: CMSX-4, CM247, SV20
In general, alumina-formers can not form a continuous and protective alumina-layer in the
temperature range of 750-900°C. For these three alumina formers it was not possible to
determine a parabolic rate constant (kp-value) at 750°C after ~250h. Between 800°C and
900°C, the kp-value increases with temperature and follows an Arrhenius law. At 950°C, the
kp-value decreases for these materials due to a change in the oxidation mechanism: at
temperatures below 950°C, the oxide scale is composed mainly of NiO, Cr2O3 or mixed
oxides of a spinell type, at 950°C, the period of transient oxidation is short and alumina forms
a continuous and protective layer.
CM247 contains carbides of heavy elements, as Hf, Ta, W, Ti, Mo (Table 4.3). These
carbides exhibit a preferential oxidation (Figure 5.5), as described above for IN738. The oxide
scale has a layered structure (Figure 5.6). The outer layer is composed of chromia.
Underneath, Cr-Ta-oxides and Ni-W-oxides are present. Below, aluminium is oxidised
internally. This oxide morphology is typical for all the samples between 750°C and 900°C,
the oxide thickness increases with temperature. At 950°C, the oxide scale is thinner than at
800°C and is mainly composed of alumina (Figure 5.7).
Figure 5.5: CM247, 800°C/ 507h, air + 300ppm SO2, surface
1: oxidised carbide
1
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Figure 5.6: CM247, 800°C/ 507h, air + 300ppm SO2, cross section
1: external chromia-scale, 2: Cr-Ta-oxides and Ni-W-oxides (white phase),
3: internal oxidation of Al
Figure 5.7: CM247, 950°C/ 257h, air + 300ppm SO2, cross section
1: very thin alumina scale (<1µm), 2: oxidised carbides
1
2
3
2
1
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CMSX-4 shows a similar oxidation behaviour to CM247. The main difference is, that
CMSX-4 has no carbides [65]. At 750°C, the main component of the oxide scale is NiO with
smaller amounts of CrTaO4 and spinell-type oxides, such as NiAl2O4. The different oxides
could not be differentiated in the microprobe analysis due to the low thickness of ~1µm.
Between 800°C and 900°C, CMSX-4 exhibits also a layered structure of the oxide scale
(Figure 5.8). An outer layer of NiO is followed by a layer of Cr-Ta-oxides. Below internal
oxidation of aluminium takes place. At 950°C, the oxide scale still has a layered structure, but
-Al2O3 can be formed as a continuous layer (Figure 5.9).
Figure 5.8: CMSX-4, 800°C/ 507h, air + 300ppm SO2, cross section
1: external layer of Ni-oxides, 2: Cr-Ta-oxides (bright phase),
3: internal oxidation of Al
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Figure 5.9: CMSX-4, 950°C/ 257h, air + 300ppm SO2, cross section
1: continuous layer of alumina
Between 750 and 900°C, SV20 does not show internal oxidation of aluminium or a layered
structure of the oxide. A continuous layer is formed and EDX-analysis identifies oxides of Al
and Cr (Figure 5.10). At temperatures 
900°C, the chromium content in the oxide scale is
higher than at 950°C. At 950°C (Figure 5.11), the oxide scale is thinner than at 900°C and the
oxidation rate has also decreased (Figure 5.1).
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Figure 5.10: SV20, 800°C/ 507h, air + 300ppm SO2, cross section
1: continuous oxide scale of Cr-Al-oxide
Figure 5.11: SV20, 950°C/ 257h, air + 300ppm SO2, cross section
1: alumina
1
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5.2 Corrosion testing: Influence of temperature
Between 750 and 950°C, Na2SO4- and Na2SO4/K2SO4- coated specimens were exposed to air
with 300vppm SO2 for ~250h. The attack is more severe when K2SO4 is present in the salt. In
the investigated temperature range (750-950°C), all samples with salt deposits showed type I
hot corrosion behaviour, except CMSX-4 at 750°C. The maximum depth of penetration is
plotted as a function of temperature in Figure 5.12 and 5.13.
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Figure 5.12: Maximum depth of penetration vs. temperature of IN738 and SV20
in air + 300ppm SO2 with salt deposit (1mg/cm2)
5.2.1 CMSX-4
At 750°C, CMSX-4 exhibits type II corrosion for both salt deposits. The morphology is
shown in Figure 5.14. A straight line divides the corrosion products, which could correspond
to the original surface of the specimen. The WDX-element mapping in Figure 5.15 illustrates
the composition of the corrosion product. The outer oxide scale is composed of porous Ni-
and Co-oxides. The oxides just above the original surface are mainly Ni-oxides. Below this
outer scale, a layered structure of the corrosion product can be seen. The dark layers are
composed mainly of oxides of Ni, Cr, Ti and Al. The lighter ones contain mainly Ni-W-oxide,
which was identified as NiWO4, by X-ray diffraction. At the interface corrosion product/
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metal, S is enriched in mixed oxides of Al, Ta and Cr. No internal sulphidation or any
depletion zone in the metal could be detected.
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Figure 5.13: Maximum depth of penetration vs. temperature of CMSX-4 and
CM247 in air + 300ppm SO2 with salt deposit (1mg/cm2)
Between 800°C and 950°C, CMSX-4 undergoes type I corrosion. At 800°C, the degradation
of the alloy with Na2SO4-deposit consists only of a slight internal sulphidation of chromium
(Figure 5.16). The sample with Na2SO4/K2SO4-deposit exhibits a more pronounced
degradation. The reaction product shows more a pitting morphology with a zone of Cr-
sulphides around the pits (Figure 5.17). The original surface of the specimen can still be
identified. The outer oxide scale consists of Ni- and Co-oxides. The darker oxides above the
original surface are mainly alumina. The corrosion pit itself, is composed of darker and lighter
areas. The dark regions contain Al-Cr-Ta-oxides, the light ones Ni-W-oxides. Around and
between the pits, internal sulphidation of Cr occurs in a zone of 10-15µm. The Cr-sulphides
are embedded in a Ni-rich matrix with a composition of (wt.%): Ni 77.6 Co 11.2 Al 2.8 and
W 5.5 (semi-quantitative EDX-measurement). This phase has less Cr, Al, Ta, Re, W and Ti
compared to the equilibrium composition of  (cf. Table 4.4).
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Figure 5.14: CMSX-4, 750°C/ 244h, air + 300ppm SO2, Na2SO4-deposit,
1: Ni-Co-oxides; 2:NiO; 3: Ni-Cr-Al-Ti-oxides; 4: NiWO4; 5: S-enrichment;
the approximate location of the element mapping is indicated
Figure 5.15: CMSX-4, 750°C/ 244h, air + 300ppm SO2, Na2SO4-deposit, element
mapping of Figure 5.14
1
3
4
2
5
Ni
Cr Al
Co
57
Figure 5.15: contd.
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Figure 5.16: CMSX-4, 800°C/ 223h, air + 300ppm SO2, Na2SO4-deposit,
1: Na2SO4, 2: mixed oxides, 3: Cr-sulphides
Figure 5.17: CMSX-4, 800°C/ 223h, air + 300ppm SO2, Na2SO4/K2SO4-deposit,
1: Ni-Co-oxides; 2: Al-Cr-oxides; 3: NiWO4; 4: Ni-Cr-Al-Ti-oxides;
5: Cr-sulphides
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At 850°C, the depth of penetration is increased compared to 800°C. The sample with Na2SO4-
deposit shows beside the internal sulphidation of Cr also the formation of first pits with a
depth of 30µm. The Na2SO4/K2SO4-deposit causes a more homogeneous attack with some
pits. The pits are smaller in depth (~100µm) and width than at 800°C. In principle, the
morphology is comparable to that at 800°C.
At 900°C, both salt deposits cause only a small zone of internal sulphidation. The depth of
attack is decreased compared to 850°C (Figure 5.13). At 950°C, the degradation increases
again. As at lower temperatures, the addition of K2SO4 to Na2SO4 induces an increased depth
of attack. The morphology of the degradation is illustrated in Figure 5.18. The outer oxide
scale consist of Ni-oxides, below a large zone (~50µm) of mixed oxides. The bright oxides
correspond to Ni-W-oxides. At the interface to the metal, a thin alumina scale of 1-2µm is
present. Typical for type I corrosion, internal sulphidation mainly of Cr occurs.
Figure 5.18: CMSX-4, 950°C/ 249h, air + 300ppm SO2, Na2SO4/K2SO4-deposit
1: Ni-oxides; 2: mixed oxides; 3: NiWO4; 4: Al-oxide; 5: Cr-sulphides
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5.2.2 CM247
Over the investigated temperature range, CM247 exhibits type I corrosion. In general, the
degradation of the sample is increased if K2SO4 is present in the salt deposit. At 750°C
(Figure 5.19), the pitting-like morphology and composition is comparable to the pits of
CMSX-4 with Na2SO4/K2SO4-deposit at 800°C (cf. Figure 5.17). As for CMSX-4, the light
oxides are Ni-W-oxides and internal sulphidation of Cr occurs around the pits. At 800°C, the
attack becomes more uniform. Nevertheless the corrosion appears to start by pits. In Figure
5.20, the sample with the Na2SO4-deposit illustrates this assumption. In a zone of ~5µm
thickness, chromium is consumed by internal sulphidation.
Figure 5.19: CM247, 750°C/ 244h, air + 300ppm SO2, Na2SO4/K2SO4-deposit,
1: Ni-Co-oxides; 2: NiWO4; 3: Al-Cr-oxides; 4: Al-Cr-W-oxides; 5: Cr-sulphides;
6: carbide
At 850°C, the degradation is uniform without any pits and is increased compared to 800°C.
The morphology for both salt deposits is similar. The micrograph (Figure 5.21) and the
element mapping (Figure 5.22) of the sample with the Na2SO4-deposit shows the typical
features of the degradation. The composition of the corrosion product is comparable to the
reaction product in the pits at lower temperatures. The outer oxide scale is composed of Ni-
and Co-oxides. Below the zone of mixed oxides with light and darker areas is present. As the
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element mapping indicates, the lighter areas appear to correspond mainly to Ni-W-oxides and
the darker ones to Cr-Al-oxides. The sulphur diffuses into the metal below the oxides and
forms internal sulphides with chromium to a depth of 25-30µm.
Figure 5.20: CM247, 800°C/ 223h, air + 300ppm SO2, Na2SO4-deposit,
1: Ni-Co-oxides; 2: Cr-oxide; 3: Cr-sulphide
At 900°C, the corrosion morphology remains the same and the depth of attack reaches its
maximum (Figure 5.13). At 950°C, the depth of corrosion decreases and the morphology
changes slightly. The mixed oxides become more porous and the corrosion product spalls off
very easily. After 21h of testing, the samples were removed from the furnace for weighing.
This thermal cycle is sufficient to cause massive spallation. For the sample with the
Na2SO4/K2SO4-deposit, the corrosion product flaked off almost the whole surface. The
thickness of internal sulphidation decreases compared to the samples exposed at 900°C or
850°C. The micrograph of the sample with Na2SO4-deposit is represented in Figure 5.23.
Between the mixed oxides and the Cr-sulphides another metallic phase is present. This phase
is depleted of Cr, Ta, Co and other elements. A semi-quantitative analysis of this phase by
EDX-measurement gives the following composition (in wt.%): Ni 88.1 Co 4.6 W 6.7 Al 0.6
and some minor elements.
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Figure 5.21: CM247, 850°C/ 223h, air + 300ppm SO2, Na2SO4-deposit,
1: Ni-Co-oxides; 2: Cr-Al-oxides; 3: NiWO4; 4: Cr-sulphides;
the approximate location of the element mapping is indicated
Figure 5.22: CM247, 850°C/ 223h, air + 300ppm SO2, Na2SO4-deposit, element
mapping of Figure 5.21
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Figure 5.23: CM247, 950°C/ 223h, air + 300ppm SO2, Na2SO4-deposit
1: mixed oxides mainly of Ni, Cr, Al, W, Co; 2: carbide; 3: Ni-rich matrix; 4: Cr-
sulphides
5.2.3 IN738
IN738 undergoes type I corrosion in this test. Between 750°C and 900°C, the degradation
consists of a slight internal sulphidation mainly of chromium. Figure 5.24 and 5.25 illustrate
the typical features of the degradation. The outer oxide scale is composed by Cr-Ti-oxides. A
very thin layer of alumina is present between the outer oxide scale and the metal. The carbides
of the heavy elements are oxidised preferentially as seen for the reference samples. The
thickness of the alumina-layer and of the internal sulphidation increases with higher
temperatures (Figure 5.25).
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Figure 5.24: IN738, 750°C/ 244h, air + 300ppm SO2, Na2SO4-deposit,
1: Cr-Ti-oxides; 2: alumina; 3: Cr-sulphides; 4: carbide
Figure 5.25: IN738, 900°C/ 231h, air + 300ppm SO2, Na2SO4/K2SO4-deposit
1: Cr-Ti-oxides; 2: alumina; 3: Cr-sulphides;
At 950°C, the depth of corrosion increases strongly (Figure 5.26, 5.12). The corrosion product
is porous and spallation is detected even after the first ‘thermal cycle’ after 22h, when the
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specimens were taken out of the furnace for weighing. The external scale is composed of
porous mixed oxides of mainly Ni, Co and Cr, with small amounts of Al and Ti. Below a
layer of Cr-Ti-oxides is present. As observed at lower temperatures, between the Cr-Ti-oxides
and metal, a thin layer of alumina is formed. Underneath, the zone of internal sulphidation is
extended to 30-40µm for the sample with the Na2SO4-deposit. Similar to CM247, the
sulphides are embedded in a Ni-rich-matrix with Ni >76.8wt.%. As seen for CMSX-4 and
CM247, the Na2SO4/K2SO4-deposit causes a deeper attack of IN738 than the Na2SO4-deposit.
The effect of the K2SO4-addition is less pronounced for IN738.
Figure 5.26: IN738, 950°C/ 223h, air + 300ppm SO2, Na2SO4-deposit
1: Ni-Cr-Co-oxides; 2: Cr-Ti-oxides; 3: alumina; 4: Cr-sulphides
5.2.4 SV20
Between 750 and 950°C, SV20 exhibits type I corrosion. The degradation is very light and
consists only of internal sulphidation of yttrium. These Y-sulphides are thermodynamically
more stable than Cr-sulphides [72]. Yttrium can act as sulphur-getter. The thin oxide scale is
composed by Cr-Al-oxides. Between 750 and 900°C, the internal sulphidation of yttrium is
localised. Figure 5.27 illustrates the typical feature. The Y-sulphides are embedded in a ’-
layer, which is depleted in -chromium. At 950°C (Figure 5.28), the formation of Y-sulphides
is more pronounced and appears to happen preferentially at grain boundaries.
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Figure 5.27: SV20, 800°C/ 223h, air + 300ppm SO2, Na2SO4-deposit
1: Na2SO4; 2: Cr-Al-oxides; 3: Y-sulphides
Figure 5.28: SV20, 950°C/ 249h, air + 300ppm SO2, Na2SO4/K2SO4-deposit
1: Cr-Al-oxides; 2: Y-sulphides
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5.3 Corrosion testing: Influence of time
The four investigated materials were tested under the same conditions as described in
Chapter 5.2. Samples with Na2SO4- and with Na2SO4/K2SO4-deposit were exposed for 500h
and 1000h in air with 300ppm SO2. The salt deposit was applied only once before exposure.
5.3.1 CMSX-4
The specific mass gain of the samples with Na2SO4- and with Na2SO4/K2SO4-deposit are
plotted in function of exposure time in Figure 5.29. The reproducibility of this test is given
since the mass gain curves of the 500h and 1000h-test are close together for each salt deposit.
The specific mass gain of the samples with salt deposit is higher than for the reference
sample. As stated in the short term tests, the degradation induced by the Na2SO4/K2SO4-
deposit is higher than for pure Na2SO4. Referring to the definition of incubation and
propagation stage given in Chapter 2.2.2 [42], the incubation stage is completed before the
first measuring point was taken after 45h (Table 5.1).
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Figure 5.29: Specific mass gain of CMSX-4 in air + 300ppm SO2 at 800°C
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Salt deposit
Material Na2SO4 Na2SO4/K2SO4
CMSX-4 <45h <45h
CM247 <45h <45h
IN738 600-700h 500-600h
SV20 (NiCrAlY) >1000h >1000h
Table 5.1: Duration of the incubation stage as function of the applied salt at
800°C
The results from the above presented short-term test at 800°C (cf. Chapter 5.2.1) correspond
to the propagation stage, even if only minor degradation is visible on sample with Na2SO4-
deposit after 223h (Figure 5.16). After 500h, the corrosion damage consists mainly of internal
sulphidation of chromium. First corrosion pits appear and their maximum depth is ~8µm
(Figure 5.30).
Figure 5.30: CMSX-4, 800°C/ 500h, air + 300ppm SO2, Na2SO4-deposit,
1: Na2SO4; 2: corrosion pit; 3: Cr-sulphides
These pits become larger with exposure time and reach a depth of 40µm after 1000h
(Figure 5.31). The growing of the corrosion pits cannot be detected in the mass gain curve
(Figure 5.29). The morphology is comparable to that encountered for the sample with the
Na2SO4/K2SO4-deposit in the short-term test at 800°C (Figure 5.17). The outer oxide scale
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above the original surface is composed mainly of Ni-oxides. Oxides of chromium and
aluminium form the darker scale below. The pit consists of mixed oxides with bright and dark
areas in SEM micrographs. The bright ones correspond to Ni-W-oxides, the dark ones to Al-
Cr-oxides. Around the pits, internal sulphidation of chromium takes place in a zone of
8-12µm.
Figure 5.31: CMSX-4, 800°C/ 1000h, air + 300ppm SO2, Na2SO4-deposit,
1: Ni-oxides, 2: Cr-Al-oxides, 3: Ni-W-oxides, 4: Al-Cr-oxides, 5: Cr-sulphides
The degradation of the sample is increased, if K2SO4 is present. K2SO4 in the deposit leads to
a higher mass gain (Figure 5.29) and an increased depth of attack compared to pure Na2SO4.
The sample with the Na2SO4/K2SO4-deposit shows similar microstructural features as
described above (Figure 5.32). The areas with Ni-W-oxides are well-defined in the corrosion
pit. As described in Chapter 5.2, the chromium-sulphides are embedded in a Ni-rich matrix
with the following composition of (wt.%): Ni 81.6 Co 7.3 Al 2.3 and W 6.8 (semi-quantitative
EDX-measurement). The depth of corrosion pits is increased compared to short-term test.
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Figure 5.32: CMSX-4, 800°C/ 1000h, air + 300ppm SO2, Na2SO4/K2SO4-deposit,
1: Ni-oxides, 2: Cr-, Al-oxides, 3: Ni-W-oxides, 4: Al-Cr-oxides, 5: Cr-sulphides
5.3.2 CM247
CM247 and CMSX-4 exhibit similar corrosion behaviour, but the depth of attack is lower for
CM247. The specific mass gain of the CM247-samples with salt deposit is significantly
higher than for the reference sample (Figure 5.33). The duration of the incubation stage can be
set to <45h (Table 5.1). The Na2SO4-deposit causes a slight internal sulphidation of chromium
after 223h (Figure 5.20), which increases with time (Figure 5.34). After 1000h, corrosion with
the pitting morphology can be identified (Figure 5.35). The sample with the Na2SO4/K2SO4-
deposit exhibits a more pronounced corrosion with a similar morphology (Figure 5.36).
Ni-W-oxides are identified within the corrosion product as for CMSX-4.
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Figure 5.33: Specific mass gain of CM247 in air + 300ppm SO2 at 800°C
Figure 5.34: CM247, 800°C/ 500h, air + 300ppm SO2, Na2SO4-deposit,
1: Na2SO4, 2: Cr-Al-oxides, 3: Cr-sulphides
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Figure 5.35: CM247, 800°C/ 1000h, air + 300ppm SO2, Na2SO4-deposit,
1: Na2SO4; 2: Al-Cr-oxides; 3: Ni-W-oxides; 4: Cr-sulphides
Figure 5.36: CM247, 800°C/ 1000h, air + 300ppm SO2, Na2SO4/K2SO4-deposit,
1: Ni-oxide; 2: Al-Cr-oxides; 3: Ni-W-oxides; 4: Al-Cr-oxides; 5: Cr-sulphides,
6: carbide
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5.3.3 IN738
IN738 shows the typical behaviour for type I corrosion with initiation and propagation stage.
The specific mass gain of the samples with salt deposit is plotted over exposure time in
Figure 5.37. The first 200h, the mass gain of the samples with salt deposit and that of the
reference sample is similar. Then the salt-coated samples exhibit a small mass loss, which
could be explained by partial evaporation of the salt. Between 600 and 700h, the sample with
the Na2SO4-deposit shows a mass gain which corresponds to the transition from initiation to
propagation stage. In the propagation stage, the mass gain follows nearly a linear rate. The
Na2SO4/K2SO4-deposit causes the transition to propagation stage earlier (after 500-600h). Up
to 800h, the mass increase is also linear, but slows down until the end of the experiment.
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Figure 5.37: Specific mass gain of IN738 in air + 300ppm SO2 at 800°C
Both salt deposits induce the same corrosion morphology. During the incubation stage, this
consists only of a slight internal sulphidation of chromium (Figure 5.38). Oxides of Cr and Ti
make up the outer oxide scale. Below, aluminium is oxidised internally, but alumina does not
form a discrete layer. After 1000h (propagation stage), corrosion seems to start preferentially
on the carbides of heavy elements, such as Cr, Mo, Ni, and W. The outer scale still consists of
oxides of Cr and Ti (Figure 5.39). Below is a mixture of oxides of Cr, Ti, Ni and heavy metals
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such as W, Ta, Nb. A thin scale of alumina separates these mixed oxides from the metal.
Under these oxides, a zone of internal sulphidation of Cr appears.
Figure 5.38: IN738, 800°C/ 500h, air + 300ppm SO2, Na2SO4-deposit,
1: Cr- and Ti-oxides; 2: internal oxidation of Al, 3: Cr-sulphides, 4: carbide
Figure 5.39: IN738, 800°C/ 1000h, air + 300ppm SO2, Na2SO4/K2SO4-deposit,
1: Ni-Cr-oxides; 2: mixed oxides of Cr, Ti, Al, 3: alumina; 4: Cr-sulphides
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5.3.4 SV20
Up to 1000h, SV20 is still in the incubation stage. As in the short-term tests, the only sign of
corrosion is the localised formation of Y-sulphides below the salt (Figure 5.40). The Y-
sulphides are growing with exposure time (Figure 5.41). Between the Y-sulphides and the
applied salt, a small oxide scale consisting of Cr- and Al-oxides is present (1-2m).
Figure 5.40: SV20, 800°C/ 500h, air + 300ppm SO2, Na2SO4-deposit,
1: Na2SO4; 2: Al-Cr-oxides; 3: Y-sulphides
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Figure 5.41 SV20, 800°C/ 1000h, air + 300ppm SO2, Na2SO4-deposit,
1: Na2SO4, 2: Al-Cr-oxides; 3: Y-sulphides
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6. Discussion
6.1 Oxidation in air with 300ppm SO2
The oxidation behaviour of IN738, CM247, CMSX-4 and SV20 was investigated in air with
300vppm SO2 between 750°C and 950°C. All four alloys did not exhibit any internal
sulphidation. The tendency of internal sulphidation observed for ternary Ni-Cr-Al-alloys
reported by Wasserfuhr et al. [36] could not be proven. Possible reasons for the good
resistance in the SO2-containing atmosphere are: the other alloying elements, the relative low
exposure temperatures (<1000°C), and the lower SO2-content in the atmosphere of 300ppm
compared to 1% in [36].
6.1.1 Chromia-former: IN738
IN738 exhibited no internal sulphidation in dry air + 300vppm SO2 in the short-term test. In
the temperature range of 750-950°C, the resulting oxide scale is mainly composed of Cr2O3
with minor amounts of Ti-oxides. The composition of the oxide scale is similar to that in pure
air [73, 74]. The parabolic oxidation rate constant at 900°C in air with SO2
(2.3710-12 g2/cm4s) (Figure 5.1) is comparable with that for air (2.9210-12 g2/cm4s) [75].
Also, the preferential oxidation of the carbides happens in both atmospheres. The oxidation
rate of the carbides of Cr, Mo, Ni and W is higher than for the - matrix. Beside the
difference in growth rate, the oxide products are voluminous and protrude through the oxide
scale (Figure 5.2) [73]. The internal nitridation of titanium at 850°C and 900°C is also
reported for the oxidation in pure air [73, 74].
Between 750-900°C, the oxidation of IN738 shows one mechanism with an activation energy
of 338kJ/mol. The deviation from this behaviour at 950°C can have different origins, e.g.
change of the composition of the oxide scale. Bourhis and St. John [74] report localised
formation of continuous Al2O3-scale for oxidation at 1000°C in air. This statement supports a
change in oxidation mechanism. The evaporation of Cr2O3, can also influence the parabolic
rate constant, which is shown in [26, 27].
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6.1.2 Alumina-formers: CMSX-4, CM247, SV20
The three here investigated alumina-formers revealed no internal sulphidation in the oxidation
testing. The oxidation behaviour of the two base materials, CMSX-4 and CM247 is
comparable. Between 750-900°C, neither alloy is able to build a protective alumina scale. The
activity of aluminium in these alloys is not high enough to form a continuous layer and
aluminium is only oxidised internally. The composition of the oxide scale is comparable to
that found in pure air [76]. A change in the oxidation behaviour is also observed between
900°C and 1000°C in air. At 1000°C, a continuous layer of -Al2O3 could be identified. An
influence of the SO2-content on the oxidation behaviour of CMSX-4 and CM247 could not be
verified .
The tendency for the internal nitridation, as stated for IN738, can not be seen for CMSX-4
and CM247. The lower Ti- content of 0.7-1wt.% in these alloys could favour a resistance
against nitridation compared to IN738 with 3.3wt.% of titanium. CM247 exhibits the
preferential oxidation of the carbides, as does IN738. This behaviour is also reported for
oxidation in pure air [76]. The oxide scale of CMSX-4 is more homogeneous because no
carbides are present in the alloy due to the low C-content.
The oxidation behaviour of the coating material SV20 differs from both base materials
CMSX-4 and CM247. SV20 can build a continuous protective oxide scale over the whole
tested temperature range. The scale is composed of chromium and aluminium oxides due to
the high content of chromium and a medium content of aluminium. Between 750-900°C, the
oxide scale is mainly Cr2O3 with minor amounts of Al2O3, with an increasing rate constant
with temperature. At 950°C, the parabolic rate constant drops (Figure 5.1), indicating a
mechanism change, where the growth of the oxide scale is dominated by the formation of
Al2O3.
No internal attack, such as oxidation, sulphidation or nitridation can be stated in SV20. This
behaviour shows, that the oxide scale formed is dense and protective. The chromium- and
aluminium- contents, chosen in this alloy, lead to such Cr- and Al-activities, that SV20
behaves as chromia-former at lower temperatures (
900°C) and as alumina-former at higher
temperatures ( 950°C) for oxidation protection.
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6.2 Corrosion mechanism
The mechanism and rate of corrosion of IN738, CM247, CMSX-4 and SV20 was investigated
between 750°C and 950°C. Samples with Na2SO4- and with Na2SO4/K2SO4 (80/20mol%) -
deposit were exposed in air with 300vppm SO2.
The addition of K2SO4 to Na2SO4 results in higher corrosion rates (Figure 5.12-13, 5.29, 5.33,
5.37) and shorter incubation periods (Table 5.1). A reason for this behaviour could be the
lower melting point of the mixture compared to pure Na2SO4. In this study, it was identified,
that the addition of K2SO4 does not influence the corrosion mechanism with the sequence of
incubation stage and propagation stage. The composition and morphology of the corrosion
product is comparable to that caused by pure Na2SO4. The influence of the addition of K2SO4
on the kinetic of hot corrosion type I is schematically drawn in Figure 6.1.
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Figure 6.1: Schematic drawing of the influence of the addition of K2SO4 on the
kinetic of hot corrosion type I; The addition of K2SO4 causes higher corrosion
rates and shorter incubation periods, while the corrosion mechanism remains the
same with the sequence of incubation stage and propagation stage.
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In the investigated temperature range (750-950°C), all salt-coated samples showed type I hot
corrosion behaviour, except CMSX-4 at 750°C. The corrosion of CMSX-4 at 750°C was
classified type II, but did not show the typical pitting morphology as mentioned by different
authors [38, 42, 77, 78]. A similar uniform attack was reported for CM247 at 700°C in an
embedded ash test by Bayerlein et al. [79]. In an initial summary, it can be stated that the
corrosion resistance is dependent on the chromium content. The four tested materials can be
ranked with decreasing corrosion resistance: SV20 > IN738 > CMSX-4, CM247.
6.2.1 CMSX-4 and CM247
CMSX-4 and CM247 are two base materials with a chemical composition optimised for a
good mechanical behaviour [80-83]. Both alloys are alumina-former at higher temperatures.
At 750°C, the depth of corrosion attack is comparable, whereas the mechanisms are different.
CMSX-4 exhibits type II morphology, CM247 type I morphology. At 800°C, corrosion
behaviour of both alloys is similar with type I morphology. Above 850°C, CMSX-4 is more
corrosion resistant than CM247. The high resistance of CMSX-4 at 900°C is reported by
different authors [80, 81, 84, 85]. At 900°C, the depth of corrosion attack is comparable to
IN738, which is in agreement with [85, 86], but ten times lower compared to Mar-M247 [81,
83]. Mar-M247 is judged to have a slightly lower performance in oxidation and corrosion
resistance than CM247, because of the higher amount of carbides [82].
The lower corrosion resistance of CM247 compared with CMSX-4 around 900°C could have
its origin in the oxidation of the carbides, because the composition of the oxide scale is
comparable for both materials [76]. The carbides disturb the formation of a continuous
uniform oxide scale in different ways:
 The chromium depletion around the carbides can cause slight differences in the
composition of the oxide scale. The Cr-depletion is due to the transformation of MC-type
carbides with the matrix  into M23C6-type carbides with simultaneous formation of  
[67]. In , the solubility of Cr is reduced compared to the -matrix and leads
subsequently to the Cr-depletion.
 The oxides formed on the carbides are rich in the carbide-forming elements, such as Hf,
Cr, Ta, Ti, W, Mo, and their composition differs from the oxide scale formed on the /-
areas.
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 During oxidation of the carbides, an increase of the volume (cf. Chapter 6.1) can result in
stresses in the surrounding oxide scale and leading to microcracks. The salt deposit could
access the bare metal via these cracks.
The carbides can act as initiation sites for the corrosion [42, 87, 88]. The salt deposit on the
sample is in contact with two compositions of oxides, which is shown schematically in
Figure 6.2. The oxides formed on the /-areas are rich in Cr2O3, Cr-Ta-oxides and Ni-W-
oxides at 850°C-900°C (cf. Chapter 5.1.2). On the carbides, the oxides of Hf, Ta, W, Ti, Mo
are formed based on the composition of the carbide (cf. Table 4.3). WO3 and MoO3 are
known to increase the melt acidity and support the alloy-induced fluxing of the oxide scale
[38, 42].
salt
 
oxide scale:
Cr2O3,
Cr-Ta-oxide,
Ni-W-oxide
Hf-W- Ta-
Mo-Cr-Oxides
on the carbide
carbide
Initiation of
corrosion
Figure 6.2: Schematic drawing of the contact between the salt and the different
oxides formed on CM247
Beside the carbides, the oxide scale formed on the /-areas can also be attacked directly. As
the oxide scale formed on CMSX-4 and CM247 is similar (cf. Chapter 6.1) [76], the corrosion
mechanism can be discussed for both materials. The main compounds of the oxide scale are
Cr2O3, Cr-Ta-oxides, Ni-W-oxides. Fryberg et al. [50] have proposed a corrosion mechanism
for the alumina-forming Ni-base superalloys B-1900 and NASA-TRW VIA (cf.
Chapter 2.2.2.2) under a Na2SO4-deposit at 900°C in pure O2. Both alloys have similar
contents of Cr and Al compared to CM247 and CMSX-4 (Table 6.1).
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wt.% Ni Co Cr Al Ta Ti Nb Hf Re W Mo C
IN738 61.6 8.4 16 3.6 1.7 3.4 1 - - 2.5 1.7 0.11
CM247 61.7 9.2 8.1 5.6 3.2 0.7 - 1.4 - 9.5 0.5 0.07
CMSX-4 61.7 9 6.5 5.6 6.5 1 - 0.1 3 6 0.6 -
B-1900 64.5 10 8 6 4.3 1.0 0.1 - - 0.1 6.0 0.1
NASA-TRW VIA 62 7.5 6.1 5.4 9.0 1.0 0.5 0.4 0.3 5.5 2.0 0.13
Table 6.1 Nominal chemical composition of the investigated base materials out of
Table 4.1 [65] and B-1900 and NASA-TRW VIA out of [50] in wt.%
The corrosion mechanism is developed for CMSX-4, CM247 and IN738 based on the
experimental results of this study in combination with the proposed chemical reactions for
B-1900 [50] and IN738 [51]. The proposed mechanism for type I corrosion is sketched in
Figure 6.3. For simplicity, only pure Na2SO4 is considered. The reactions are thought to be
comparable when K2SO4 is added to the salt, because potassium sulphate affects only the
kinetics.
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1. Contact between the corrosive deposit and the oxide
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The oxide scale, mainly Cr2O3, is in contact with the Na2SO4-
deposit. The oxide scale grows beneath the deposit.
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2. Basic dissolution of Cr2O3, and internal sulphidation of
chromium
The oxide scale, mainly Cr2O3, undergoes basic fluxing
through Na2SO4 to form Na2CrO4. During the basic
dissolution of the oxide scale, sulphur can diffuse through the
oxide scale into the bare metal to cause internal sulphidation.
In all experiments, the sulphidation of chromium was
observed (Figure 5.16-26, 5.30-32, 5.35-36, 5.38-39).
Figure 6.3: Proposed corrosion mechanism for type I for the base materials
IN738, CM247 and CMSX-4 in five steps. The incubation stage is represented in
step 1. Step 2-5 cover the propagation stage. Step 1-2
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3. Reaction of WO3 (MoO3) with Na2CrO4 to form the
corrosive melt
Na2CrO4 reacts with WO3 (MoO3) to form Na2WO4
(Na2MoO4). This reaction leads to an increased melt acidity
in the corrosive melt [38].
 Porous Cr2O3
Metal
Corrosive melt
WO3,
MoO3
4. Formation of the corrosive melt / Switch to alloy-
induced acidic dissolution
Na2WO4 forms with WO3 a molten phase, which can destroy
the protective oxide scale by alloy-induced acidic fluxing.
The acidic dissolution is self-sustaining, because WO3 will be
formed on the alloy itself and no external supply is needed
[87]. Tungsten and molybdenum are assumed to react in the
same way [87]. In a comparable study of the corrosion
behaviour of IN738 [51], the corrosive phase is composed by
molten MoO3-WO3/ Na2MoO4-Na2WO4.
Porous oxides
Metal
Corrosive
melt
WO3,
MoO3
NiWO4
Ni
5. Progression of corrosion
The corrosive melt (MoO3-WO3/ Na2MoO4-Na2WO4) is
partially converted with Ni form the metal to solid NiWO4
and NiMoO4. In [51], this stage is called deceleration period.
In the present investigation, NiWO4 is found in the corrosion
product of CM247 and CMSX-4 (Figure 5.17-19, 5.21-23,
5.31-32, 5.35-36). The alloy-induced acidic fluxing is self-
sustaining due to supply of WO3 / MoO3 from the base metal.
As the corrosion front progresses, the chromium sulphides
are oxidised to Cr2O3 and the sulphur diffuses into the bare
metal to form new chromium sulphides. In the zone of
internal sulphidation, a depletion in chromium arises in the
remaining phase and leads to the formation of less protective
oxides as nickel- and/or cobalt oxides, which enhances the
progress of corrosion.
Figure 6.3: contd.; Step 3-5
85
Only CMSX-4 exhibits typical type II morphology at 750°C. Whereas at 900°C the depth of
penetration is comparable to that of IN738, at 750°C the depth is 3-5 times higher for
CMSX-4, depending on the applied salt (Figure 5.12, 5.13). This behaviour is in agreement
with [86], where a slag test was used to determine the depth of penetration. The change to
type II can be induced by the change in the oxide scale. At 750°C, the oxide scale of CMSX-4
is mainly composed of NiO and grows very slowly (cf. Chapter 5.1.2, 6.1.2). Here, the NiO is
in direct contact with Na2SO4. The formation of liquid NiSO4-Na2SO4 is possible and could
initiate the acidic dissolution of the oxide scale. As proposed in [17, 49], the whole corrosion
pit is supposed to be filled with molten NiSO4-Na2SO4 and particles of NiO and Cr2O3. A
phase containing NiSO4-Na2SO4 could not be identified in the CMSX-4 samples (Figure 5.14,
5.15). A comparable layered structure of the corrosion product was observed for CM247 at
700°C in [79]. The composition of the layers were not investigated in detail [79]. The simple
model [17] established based on binary Ni-Cr and Co-Cr alloys does not reflect the complex
chemical reactions involved on the W- and Mo-containing alloys, such as CMSX-4.
The layered structure of the corrosion product and the S-enrichment close to the bare metal
indicate that a molten phase can be the reason for the progress of corrosion. In the layered
zone of the corrosion product, zones with NiWO4 and zones with Ni-Cr-Al-Ti-oxides are
alternated. Tungsten still appears to play an important role in the corrosion mechanism, as for
type I at higher temperatures.
The following mechanism for type II is proposed for CMSX-4: The slowly growing oxide
scale of NiO undergoes acidic dissolution by forming NiSO4-Na2SO4. Tungsten out of the
alloy is oxidised to WO3 and leads to an increased acidity of the corrosive melt. The presence
of WO3 in the melt enhances the acidic fluxing and promotes further dissolution. Based on the
element mapping, one can assume, that the only the thin S-containing layer close to the bare
metal is molten. This thin molten layer causes self-sustaining alloy-induced acidic fluxing and
leads to high corrosion rates.
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6.2.2 IN738
IN738 with 16wt.% Cr exhibits good corrosion resistance. Over the investigated temperature
range of 750-950°C, only type I morphology is developed by IN738. As stated above for
CM247, the carbides play an important role in the initiation of hot corrosion (Figure 5.38).
The carbides in IN738 are mainly Cr-Mo-Ni-W-carbides (Table 4.1). This phenomenon is in
good agreement with previous studies of the hot corrosion behaviour of IN738 [40, 73, 78, 85,
88]. The proposed corrosion mechanism in Figure 6.3 can also be applied to IN738.
The oxide scale, mainly Cr2O3, is dissolved by basic fluxing to Na2CrO4, which reacts with
WO3 and MoO3 to Na2MoO4 and Na2WO4. Due to the formation of the molten phase of
MoO3-WO3/ Na2MoO4-Na2WO4, the mechanism changes to alloy-induced acidic fluxing.
Afterwards the corrosion rate decreases due to conversion of the molten MoO3-WO3/
Na2MoO4-Na2WO4 to NiMoO4 and NiWO4. In the present investigation, NiWO4 is found in
the corrosion product. This indicates that although at temperatures down to 750°C, the
corrosion attack could proceed by the proposed mechanism, which is based on [51].
The role of carbides is assumed to be in the same way as for CM247, discussed above. The
carbides lead to a localised different chemical and mechanical environment. The difference in
chemical environment is due to the high concentration of W, Mo and Ti in the oxides formed
on the carbides. The carbides may act as stress concentrations resulting by the oxide growth
and lead to cracks in the oxide scale. Huang and Meier [89] have investigated the effect of
carbide size in IN738 on the hot corrosion behaviour with Na2SO4 at 970°C. The reference
ingot of IN738 had carbides with a size of  max. 10µm, the remelted one of ~1µm. The
remelted IN738 exhibits a ~3 times longer incubation period compared with the reference
ingot. This behaviour indicates that not only the overall chemical composition, but also the
distribution of the elements play a key role in the hot corrosion resistance.
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6.2.3 SV20
SV20, the NiCrAlY-coating, was developed to achieve good oxidation and corrosion
resistance [90], which is obtained by the high chromium-content and the absence of heavy
elements. SV20 is an alumina-former at temperatures above 900°C. The high chromium-
content and the aluminium content result in a rapidly formed and very stable protective oxide
scale of Cr2O3 and Al2O3. The oxide scale is homogeneous and dense without disruptive
elements such as carbides. The presented corrosion mechanism for the base materials can not
happen due to the absence of elements, which promote alloy-induced acidic fluxing, e.g. W or
Mo. The oxide scale must be dissolved by basic dissolution, before the corrosive melt can
access the bare metal. Basic fluxing is not self-sustaining and needs continuous supply of salt,
e.g. Na2SO4 [42, 87]. The chemical composition of SV20 leads to a long incubation time of
greater than 1000h under the present conditions.
SV20 exhibits excellent hot corrosion resistance under the here tested conditions. The only
sign of corrosion attack is minor internal sulphidation of yttrium. Yttrium sulphides are
thermodynamically more stable than chromium sulphides. Yttrium can act as a sulphur-getter
[40, 72]. The addition of silicon seems to also have a beneficial effect on the hot corrosion
resistance, as shown in [90] for MCrAlY-coatings at 850°C.
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7. Conclusions
In the present study, the evaluation of hot corrosion in modern gas turbines was done by
thermodynamic modelling of the dew point of the corrosive species and by experimental
testing of four representative materials in a salt-spraying test. The approach is based upon on
the necessity of a condensed corrosive species to initiate hot corrosion. Above the dew point,
only gaseous attack can occur, e.g. oxidation, gas- induced corrosion.
The thermodynamic modelling of the dew points was performed for low-impurity fuels, e.g.
natural gas, diesel. The added impurities were S, Na, K and Cl. The main influencing
parameter is the impurity-content in the hot gas, mainly the sodium and potassium content.
The amount of sulphur and chlorine plays only a minor role on condensation temperatures.
The combustion parameters, such as excess air and injected water, as well as the C to H ratio
of the fuel have only a small impact on the dew point of the alkali-sulphates. For the here
considered impurity range, only sulphates of sodium and potassium were able to condense.
Deposition of alkali-chlorides was not thermodynamically possible.
The dew point calculation of corrosive species by thermodynamic modelling is an adequate
tool for the assessment of hot corrosion conditions in gas turbines. The impurity-content of
the hot gas can be specified by the turbine manufacturers based on the model. The maximum
surfaces with corrosion risk can be evaluated for the turbine blading as well as for the
combustion chamber.
The model of corrosion risk can already be used in the design of turbine blading. During
design process for a new blade, the corrosion risk can be assessed and influenced by adapting
the cooling configuration or selecting the appropriated material in high-risk areas. The model
can also be used for existing engines, where the corrosion risk can be evaluated taking into
account the site-specific conditions, such as quality of intake air and the fuel used.
To combat hot corrosion in gas turbines, there exist two main possibilities: the use of
corrosion resistant materials and the reduction of the overall impurity-content of the hot gas.
The reduction of the impurity-content can be achieved by measures, which affect the whole
gas turbine, as fuel treatment, adapted air filters and use of demineralised water.
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The next step would be the combination of dew point modelling with the deposition
mechanism. Different mechanisms are proposed in [64], which take into account aerodynamic
features of the blade as well as laminar or turbulent boundary layers.
The thermodynamic modelling could assist in designing representative corrosion test
methods. The atmosphere and composition of corrosive deposits would be adjusted depending
on the used fuel and environmental conditions.
The experimental testing has shown the response of the different materials under corrosive
conditions. A salt-spraying test was used with Na2SO4 or Na2SO4/K2SO4 as deposit in an
atmosphere of air with 300ppm SO2. Both salts gave the same corrosion morphology. The
addition of potassium sulphate has led to an increased depth of attack and shorter incubation
times. The melting point reduction of the corrosive deposit, caused by the presence of K2SO4,
is supposed to be the main influencing parameter.
Three representative base materials, IN738, CM247 and CMSX-4, and a NiCrAlY-coating,
SV20, were tested between 750 and 950°C. IN738 showed the best corrosion resistance of the
investigated base materials. The base materials, CM247 and CMSX-4, with their excellent
mechanical behaviour show a poor corrosion resistance and must be protected by a corrosion-
resistant coating or operated in clean environment according the thermodynamic model.
The carbides and heavy elements contents, especially tungsten and molybdenum, play an
important role in the hot corrosion of the base materials investigated here. The carbides, in
IN738 and CM247, were identified as preferential site for the initiation of hot corrosion. The
voluminous oxides on the carbides disturb the oxide scale on the matrix and induce stresses
with subsequent cracking of the oxide scale. Additionally, the salt deposit, e.g. Na2SO4, is in
contact with both type of oxides. This could change the melt chemistry and lead to a higher
dissolution rate [45].
Tungsten and molybdenum are identified as playing a key role in the corrosion mechanism of
the base materials. A corrosion mechanism is proposed for type I corrosion for IN738,
CM247 (750-950°C) and CMSX-4 (800-950°C), based on the gained results and chemical
reactions described in [50, 51]. The mechanism is characterised by an initial the basic
dissolution of the oxide scale through Na2SO4 that is followed by a switch-over to
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alloy-induced acidic fluxing due to the presence of W and Mo. At 900-950°C, CMSX-4
exhibits a smaller depth of penetration compared to CM247. The higher resistance can be
explained by the absence of carbides, which extends the incubation time. In general, the base
materials, especially the DS- and SX-superalloys, should be protected with a coating in
corrosive environments.
CMSX-4 is only material in this test, which exhibits type II corrosion at 750°C. A corrosion
mechanism is developed, where the corrosion is initiated by the acidic dissolution of the oxide
scale (mainly NiO). The acidity of the corrosive melt is enhanced due to tungsten, which
leads then to alloy-induced acidic fluxing.
SV20, the NiCrAlY-coating, exhibits a very good corrosion resistance. At 800°C after 1000h,
SV20 is still in the incubation stage. Over the whole temperature range, SV20 can form a
dense oxide scale. The high chromium content, along with the absence of W and Mo, leads to
a strong corrosion resistance. SV20 is a suitable coating to protect the base materials from hot
corrosion.
The hot corrosion of gas turbines was assessed in the present study by a combination of
thermodynamic modelling and experimental testing. The presence of a condensed corrosive
deposit for the initiation of hot corrosion is the basis of the modelling of the dew point. With
the model, the risk of corrosion can be determined depending on the hot gas composition. The
experimental testing was focused on the investigation of alloys from representative gas
turbine material classes. Corrosion mechanisms are proposed and preferential initiation sites,
e.g. carbides, are identified.
In future, this method can be enlarged by including a model for the deposition rate, as well as
long term testing to gain data for corrosion lifetime prediction. The salt-spraying test used
here is a test method that can be easily adjusted for different conditions. For the simulation of
continuous operation with contaminated fuel, the testing can be modified by reapplying
regularly the salt deposit. As the thermodynamic modelling has shown, alkali-chlorides need
not be considered as deposit. However, the influence of chlorine in the gas phases should be
further investigated. The water vapour in the hot gas has shown only a small effect on the dew
points. The effect of water on the corrosion behaviour should be evaluated, since the influence
on the oxidation behaviour is known [91].
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